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ABSTRACT 
 
With the rapid growth of digital communication in recent years the need for high speed data 
transmission has been increased. Moreover, future wireless systems are expected to support a 
wide range of services such as video, data and voice. OFDM is a transmission technique based 
on many orthogonal carriers that transmit simultaneously. OFDM system achieves high data 
rate in mobile environment, due to its resistance to Inter-Symbol Interference (ISI), which is a 
common problem in the high speed data communication. This master thesis analyzes different 
channel estimation techniques in OFDM system with parameter settings according to IEEE 
802.16e and WiMAX. Channel estimation technique for OFDM systems over frequency 
selective Rician fading and Rayleigh fading channel, based on comb type pilot arrangement is 
investigated. Channel estimation methods may be classified as blind, semi-blind or pilot-aided. 
Blind algorithms do not require any training data and exploit statistical or structural properties 
of communication signals. Pilot-aided methods, on the other hand, rely on a set of known 
symbols interleaved with data in order to acquire the channel estimate. Semi-blind methods 
combine a blind criterion with limited amount of pilot data, which improves both effective 
data rates and convergence speed. Pilot-aided methods, can be performed by many ways, 
either inserting pilot tones into all of the subcarriers of OFDM symbols with a specific period 
or by inserting pilot tones into each OFDM symbol. In this thesis, we explored comb pilot 
arrangements in details. The advantage for comb type pilots arrangement in channel 
estimation is the ability to track the variation of the channel caused by Doppler frequency. It is 
observed that the Doppler effect can be reduced , which will increase the system mobility. 
Doppler frequency is the main reason for Inter-Carrier Interference (ICI). It is observed that 
ICI increases the noise level. Hence, one way to compensate ICI is to increase the number of 
pilots inserted. The estimation of the channel at the pilots frequency is based on Least Square 
(LS), and Kalman estimation methods. Kalman estimation outperforms LS estimation, the 
estimators perform about the same for SNR lower than 10 dB. This is an interesting property 
which means that the choice of channel estimator is not that important in terms of symbol 
errors for low Signal to Noise Ratio (SNR). When choosing a channel estimating method for 
low SNR the focus should instead be on how much information the estimating methods needs 
and also how high its complexity is. Three interpolation methods have been used to interpolate 
the channel response at the data frequency; linear interpolation; spline interpolation and low 
pass interpolation. The performance of the interpolation methods are compared, low pass 
interpolation has better performance than other methods. We have compared the performances 
of all schemes by measuring Bit error Rate(BER)  with M-Quadrature Amplitude 
Modulation,(M-QAM), and M-Phase Shift keying, (M-PSK) as modulation schemes. The of 
Doppler frequency effect and pilots spacing are evaluated. The proposed algorithm of using 
comb type pilots arrangement and Kalman estimator achieves good performance and high 
mobility system with reasonable complexity compared with other systems.  
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In wireless mobile communications, the channels are time and frequency selective, the 
transmitted signal propagating via multiple paths experiences various delays due to different 
lengths of the paths. This makes the channel frequency selective and causes ISI. The ISI may 
distort the received signal so severely that the transmitted symbols cannot be recovered. 
Coherence bandwidth measures the frequency selectivity of the channel. Multicarrier 
modulation, such as OFDM, is a powerful technique to turn the frequency selective wireless 
channel into a set of frequency flat narrowband channels. Mobility causes the channel impulse 
response to be time-varying. Hence, it needs to be tracked over time. To achieve this the, 
knowledge of the Channel Impulse Response (CIR) is needed at the receiver in order to 
recover the transmitted data.  
 
we concentrate on the following problem regarding to design channel estimation in pilot-aided 
OFDM wireless systems: 
 
 The choice of how the pilot information should be transmitted. Pilot symbols along 
with the data symbols can be transmitted in a number of ways, and different patterns 
yielding different performances. 
 CIR at the pilots subcarriers can be estimated by different methods such as LS; LMS; 
MMSE; and Kalman filter and each method has its advantages and disadvantages  
 The design of an interpolation filter with both low complexity and good performance.  
So, our proposed algorithm is suggested to increase the overall performance for OFDM system 
over time varying channel using comb type  pilots arrangement, Kalman filter and the mean of 
interpolation .  
 
The motivation is to : 
•  Estimate the effect of the Multipath  fading channel in OFDM system in order to 
decrease the BER using Kalman filter . 
• Reduce the effect  of Doppler shift,  and so increase the system mobility. 
• Reduce the complexity of the interpolation by using one dimensional interpolator. 
Justification  
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Fourth Generation (4G) is the next generation of wireless networks that will replace third 
Generation (3G) networks sometime in future. 4G is intended to provide high speed, and 
capacity. WiMAX allows interoperability and combines the benefits that other wireless 
networking technologies offer individually and leads a path towards 4G and become the 4G 
wireless technology in the future. The 4G/WiMAX spectrum will be used for voice, video and 
data. WiMAX can provide users with connectivity wherever they are and deliver the promise 
of 4G. WiMAX is based on OFDM technology paired with Multiple-Input Multiple-Output 
(MIMO) smart antenna technology which is best suitable for 4G. 
 
OFDM is a transmission technique that is built-up by many orthogonal carriers that 
transmitted  simultaneously, the ISI which caused by the multipath, in single carrier is a 
limiting factor in the performance of mobile wireless communication systems. The solution is 
the multicarrier systems based on  OFDM, which transmit low data rate (large symbol time) 
on several overlapping orthogonal subcarriers. In addition a guard time is provided at the start 
of each symbol. By doing so, the symbol time is made large enough so that the system 
becomes less sensitive to multipath. A disadvantage of OFDM system is that usually the 
subcarriers will not be orthogonal when received at the receiver due to Doppler shift. Hence, 
this frequency offset has to be estimated. In a mobile fading channel, where the channel varies 
fast, the performance is highly degraded, and hence channel estimation is to be done to 
overcome the effect of fading. For this, an OFDM system has pilot symbols (on pilot 
subcarriers) embedded in between the data symbols (on data subcarriers), which provides the 
channel information at the receiver. This channel estimated values at the receiver, are 
interpolated over the data subcarriers and the data symbols are decoded. The basic idea with 
pilot symbols is that there is a strong correlation between the pilot symbol fading and the 
fading of information data symbols that are sent close to the pilot symbol in time and 
subcarrier. The estimation of the channel at the pilot frequencies will be based on LS and 
Kalman Filter.  
 
 
Thesis outlines 
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In chapter 1, an introduction to wireless mobile communication systems is presented. An 
evolution of the mobile generations toward the fourth Generation (4G) is presented. 
 
In chapter 2, an over view on  fading in wireless environment, Radio waves propagate from a 
transmitting antenna, and travel through free space undergoing absorption, reflection, 
refraction, diffraction, and scattering. 
  
In chapter 3, an introduction to OFDM principles, and the different between OFDM system 
and single carrier system. 
 
In chapter 4, a  description of an  OFDM system over time-varying channel. 
 
In chapter 5 This chapter considers channel estimation in OFDM transmissions. In 
communication systems, channel estimation methods may be classified as blind, semi-blind or 
pilot-aided. Our approach is to enhance the performance of the estimation process using 
Kalman  estimator to estimate the CFR at the pilots,  and comb pilots arrangement to track the 
time varying channel and so decrease  Doppler effects. 
 
In chapter 6, Simulation results. 
 
In chapter 7, conclusion and future works. 
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Chapter One  
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 
Introduction 
1.1 introduction 
  
The mobile communication systems are often categorized as different generations depending 
on the services offered and the technologies used. The first generation comprises the analog 
Frequency Division Multiple Access (FDMA) systems such as AMPS (Advanced Mobile 
Phone Services). The second generation consists of the first digital mobile communication 
systems such as the Time Division Multiple Access (TDMA) based GSM (Global System for 
Mobile Communication), D-AMPS (Digital AMPS), Code Division Multiple Access (CDMA) 
based systems such as IS-95. These systems mainly offer speech communication, but also data 
communication limited to rather low transmission rates. The third generation started 
operations on 1st October 2002 in Japan. During the past few years, there has been an 
explosion in wireless technology. This growth has opened a new dimension to future wireless 
communications, whose ultimate goal is to provide universal personal and multimedia 
communication without regard to mobility or location with high data rates, [1-3]. To achieve 
such an objective, the next generation personal communication networks will need to support 
a wide range of services which will include high quality voice, data, still pictures and 
streaming video. Wireless broadband technologies promise to make all kinds of information 
available anywhere, anytime, at a low cost to a large portion of the population. More user 
devices than ever are going wireless for mobility and flexibility. WiMAX is a 4G technology 
that is fairly well accepted and will offer broadband data, voice and video services [4]. 
WiMAX (IEEE 802.16) with Wi-Fi (IEEE 802.11) will allow operators to deliver high quality 
voice, video and data services on a metropolitan scale, while Wi- Fi is able to provide high 
speed, localized, wireless Internet access, the emerging WiMAX standard is a wide area 
technology, supplying wireless coverage over an area of several kilometers. At the moment 
WiMAX technology will build upon Wi-Fi in a very complimentary way, hence WiMAX with 
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Wi-Fi can be called as a migration path to 4G. These future services are likely to include 
applications which require high transmission rates of several Mega bits per seconds (Mbps). In 
the current and future mobile communications systems, data transmission at high bit rates is 
essential for many services such as video, high quality audio and mobile integrated service 
digital network. When the data is transmitted at high bit rates, over mobile radio channels, the 
channel impulse response can extend over many symbol periods, which leads to ISI. OFDM is 
one of the promising candidate to mitigate the ISI. In an OFDM signal the bandwidth is 
divided into many narrow subchannels which are transmitted in parallel. Each subchannel is 
typically chosen narrow enough to eliminate the effect of delay spread [5]. OFDM has proven 
to be a modulation technique well suited for high data rates on time dispersive channels [6]. 
There are some specific requirements when designing wireless OFDM systems, for example, 
how to choose the bandwidth of the subchannels used for transmission, and how to achieve 
reliable synchronization. The synchronization is especially important in packet-based systems 
since it has to be achieved within a few symbols. In order to achieve good performance the 
receiver has to know the impact of the channel. The problem is how to extract this information 
in an efficient way. Conventionally, known symbols are multiplexed into the data sequence in 
order to estimate the channel. From these symbols, all channel attenuations are estimated. 
 
1.2 The wireless channel 
 
The radio propagation channel exhibits many forms of channel impairments, notably multipath 
delay spread, Doppler spread, fading ambient noise, Interference, distortion and noise can be 
differentiated into multiplicative and additive types as follows: 
 
 Multiplicative interference and distortion are normally signal-dependant, and include 
fading, inter symbol interference. It causes attenuation, of the transmitted signal. The 
net result is a reduction in usable frequency spectrum. This form of disturbance cannot 
be suppressed by using filtering. 
 Additive noise is not as severe as multiplicative noise, but it still reduces signal 
detectability. Out of band noise can be suppressed by filtering, but in band noise will 
penetrate through the filter [7]. 
Analysis of channel estimation for OFDM system in WiMAX Application 2009 
 
 
 
Effective and efficient transmitters and receivers are needed to combat interference and 
distortion. Transmitter/receiver design requires a good knowledge of the channel 
characteristics. Thus, a good understanding of the propagation channel is essential for the 
design of effective transmitter, receivers, and communication protocols [7].  
 
1.3 Wireless communication Standards  
 
1.3.1 Second-generation standards: 
 
Various digital cellular standards were developed in several regional standards bodies during 
the late 1980s and early 1990s. The first-generation standards had been developed some ten 
years earlier. The development of the new European digital cellular standard has been since 
1985. GSM has since evolved into the leading global second-generation standard, GSM is an 
eight-slot, TDMA system with 200 kHz carrier spacing. In terms of service, GSM is mobile 
ISDN (Integrated Services Digital Network), with support for a wide variety of services. 
Intelligent Network (IN) support in the mobile environment has also been defined for GSM for 
example, the virtual home environment as well as many advanced data services, and General 
Packet Radio Services (GPRS), packet access can also be integrated into GSM. The TDMA 
specification, which was defined in the USA, in 1988, by the Telecommunications Industry 
Association (TIA), was developed with the aim of digitizing the AMPS. To maintain 
compatibility with AMPS, the TDMA specification stipulates 30 kHz carrier spacing in a 
three-slot TDMA solution. The narrowband Code-Division Multiple Access (CDMA) IS-95 
specification stipulates 1.25 MHz carrier spacing for telephony services. TIA began defining 
this specification in 1991. Each of the second-generation standards essentially defines a 
mobile telephony system that is, a system that provides mobile end-users with circuit-switched 
telephony services. Apart from voice services, these systems support supplementary services 
and some low-bit-rate data services [8]. 
1.3.2 Third Generation Wireless Systems: 
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Third generation (3G) mobile systems such as the Universal Mobile Telecommunication 
System (UMTS) and CDMA2000. These systems are striving to provide higher data rates than 
2G systems such as GSM, and IS-95. Second generation systems are mainly targeted at 
providing voice services, while 3G systems will shift to more data oriented services such as 
Internet access. Third generation systems use Wide-band Code Division Multiple Access 
(WCDMA) as the carrier modulation scheme. This modulation scheme has 
 
 A high multipath tolerance. 
 Flexible data rate. 
 Allows a greater cellular spectral efficiency than 2G systems. 
 
3G systems will provide a significantly higher data rate (64 kbps – 2 Mbps) than second-
generation systems (9.6 – 14.4 kbps). The higher data rate of 3G systems will be able to 
support a wide range of applications including Internet access, voice communications and 
mobile videophones. In addition, a large number of new applications will emerge to utilize the 
permanent network connectivity, such as wireless appliances, notebooks with built in mobile 
phones, remote logging, wireless web cameras, car navigation systems, and so forth. In fact 
most of these applications will not be limited by the data rate provided by 3G systems, but by 
the cost of the service [9].  
 
1.3.4 Forth Generation wireless Systems: 
 
1G and 2G systems were voice communications, and digitized voice communications with 
some data communications, respectively, where a major difference was roaming between 
regions. 3G systems provide multimedia and wireless Internet at relatively high data rates, by 
utilizing packet switched services. However, significant paradigm shift should be taken into 
account for 4G systems, since wireless LAN, wireless MAN (WiMAX), wireless ad-hoc and 
sensor networks are becoming popular. 
 
4G is the next generation of wireless networks that will replace 3G networks. 4G is intended 
to provide high speed, high capacity, low cost per bit, IP based services for video, data and 
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VoIP. 4G is all about an integrated, global network that is based on an open system approach. 
At the moment we have several technologies each capable of performing some of the 
functions like broadband data access in mobile or nomadic environments, supporting voice 
traffic using VoIP etc. The emerging IEEE 802.16 Broadband Wireless Access (BWA) 
technology WiMAX, allows interoperability and combines the benefits that other wireless 
networking technologies offer individually, and leads a path towards 4G and become the 4G 
wireless technology in the future. The 4G/WiMAX spectrum will be used for voice, video and 
data all BWA applications.  
 
4G networks should encompass broadband wireless services, such as High Definition 
Television (HDTV) (4 - 20 Mbps) and computer network applications (1 - 100 Mbps). This 
will allow 4G networks to replace many of the functions of WLAN systems. However, to 
cover this application, cost of service must be reduced significantly from 3G networks. The 
spectral efficiency of 3G networks is too low to support high data rate services at low cost. As 
a consequence one of the main focuses of 4G systems will be to significantly improve the 
spectral efficiency. In addition to high data rates, future systems must support a higher Quality 
of Service (QoS) than current cellular systems, which are designed to achieve 90 - 95% 
coverage [9], i.e. network connection can be obtained over 90 - 95% of the area of the cell. 
This will become inadequate as more systems become dependent on wireless networking. As a 
result 4G systems are likely to require a QoS closer to 98 - 99.5%. In order to achieve this 
level of QoS it will require the communication system to be more flexible and adaptive. In 
many applications it is more important to maintain network connectivity than the actual data 
rate achieved. If the transmission path is very poor, e.g. in a building basement, then the data 
rate has to drop to maintain the link. Thus the data rate might vary from as low as 1 kbps in 
extreme conditions, to as high as 20 Mbps for a good transmission path. Alternatively, for 
applications requiring a fixed data rate, the QoS can be improved by allocating additional 
resources to users with a poor transmission path. A significant improvement in spectral 
efficiency will be required in order for 4G systems to provide true broadband access. This will 
only be achieved by significant advances in multiple aspects of cellular network systems, such 
as network structure, network management, smart antennas, RF modulation, user allocation, 
and general resource allocation [9].  
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4G Mobile and wireless communication systems should support the following functions: 
 
 Higher transmission rate up to 100Mbps. 
 Flexible to advanced Internet, QoS control. 
 Enhanced security. 
 Seamless operation across networks. 
 Multiple broadband access options in combined with public and private networks. 
including wireless LAN, wireless home link and ad-hoc network. 
 
4G systems are also characterized by the bandwidth to be allocated in 2-5 GHz band, 
propagation loss is higher resulting in smaller cell size. Also, due to higher Doppler shift, 
more complex and robust synchronization and channel estimation techniques are needed.  
 
1.4 Mobile WiMAX Key Advantages 
 
Mobile WiMAX, as a 4G technology, meets all the requirements for Personal Broadband 
access. It supports high data rates, high sector throughput, multiple handoff mechanisms, 
power-saving mechanisms for mobile devices, advanced QOS and low latency for improved 
support of real-time applications, advanced Broadband Wireless Access (AAA) functionality. 
Unlike the CDMA-based 3G systems, which have evolved from voice-centric systems, 
WiMAX is designed to meet the requirements necessary for the delivery of broadband data 
services as well as voice. UMTS, CDMA2000 and TD-SCDMA are all optimized for voice 
applications. The new technologies employed in mobile WiMAX result in lower equipment 
complexity and simpler mobility management due to the all-IP core network that provides 
with many other additional advantages over CDMA based 3G systems including [10]; 
 
 Tolerance to multipath and self-interference. 
 Scalable Channel Bandwidth. 
 Orthogonal Uplink Multiple Access. 
 Support for Spectrally-Efficient TDD. 
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 Frequency-Selective Scheduling. 
 Fractional Frequency Reuse Fine QoS. 
 Advanced Antenna Technology. 
 
OFDM technology provides operators with an efficient modulation technique to overcome 
Non Line Of Sight (NLOS) propagation. The WiMAX OFDM waveform offers the advantage 
of being able to operate with the large delay spread of the NLOS environment. By virtue of the 
OFDM symbol time and use of a cyclic prefix, the OFDM waveform eliminates the ISI 
problems and the complexities of adaptive equalization [11]. Because the OFDM waveform is 
composed of multiple narrowband orthogonal carriers, selective fading is localized to a subset 
of carriers that are relatively easy to equalize. OFDM is the basis for Orthogonal Frequency 
Division Multiple Access (OFDMA) with the advantages of OFDM carrying over to OFDMA 
[10],[12]. 
 
1.5 OFDM 
 
The demand for multimedia wireless communications is growing today at an extremely rapid 
pace and this trend is expected to continue in the future. The common feature of many current 
wireless standards for high-rate multimedia transmission is the adoption of a multicarrier air 
interface based on OFDM. OFDM is an alternative wireless modulation technology to CDMA. 
OFDM has the potential to surpass the capacity of CDMA systems and provide the wireless 
access method for 4G systems. OFDM is a modulation scheme that allows digital data to be 
efficiently and reliably transmitted over a radio channel, even in multipath environments. 
OFDM transmits data by using a large number of narrow bandwidth carriers. These carriers 
are regularly spaced in frequency, forming a block of spectrum. The frequency spacing and 
time synchronization of the carriers is chosen in such a way that the carriers are orthogonal, 
meaning that they do not cause interference to each other. This is despite the carriers 
overlapping each other in the frequency domain. 
 
The idea behind OFDM is to convert a frequency selective channel into a collection of 
frequency-flat subchannels with partially overlapping spectra. This goal is achieved by 
Analysis of channel estimation for OFDM system in WiMAX Application 2009 
 
 
splitting the input high-rate data stream into a number of sub streams that are transmitted in 
parallel over orthogonal subcarriers [13-15]. So in OFDM system a serial data stream is split 
into parallel streams that modulate a group of orthogonal subcarriers. Compared to single 
carrier modulation, OFDM symbols have a relatively long time duration, but a narrow 
bandwidth. Consequently, OFDM is robust to channel multipath dispersion and results in a 
decrease in the complexity of equalizers for high delay spread channels or high data rates 
[16-17]. However, the increased symbol duration makes an OFDM system more sensitive to 
the time variations of mobile radio channels. Furthermore, it provides larger flexibility by 
allowing independent selection of the modulation parameters over each subcarrier. 
 
OFDM is a method to pack subcarriers, together into a symbol using as little bandwidth as 
possible see Fig.1.1 [18]. The subcarriers of a symbol are densely packed but at the center 
frequency of a subcarrier there is no overlap. In the time domain, orthogonality of the 
subcarriers translates into subcarriers all having an integer number of cycles in the OFDM 
symbol duration, and adjacent subcarriers having a number of cycles that differs by exactly 
one cycle as shown in Fig.1.2 [18]. The OFDM is done by passing the subcarriers through an 
Inverse Discrete Fourier Transform (IDFT) that takes the subcarriers from distinct points in the 
frequency domain into the time domain. The name OFDM is derived from the fact that the digital 
data is sent using many carriers, each of a different frequency (Frequency Division 
Multiplexing) and these carriers are orthogonal to each other, hence Orthogonal Frequency 
Division Multiplexing. The idea of using a Discrete Fourier Transform (DFT) for 
implementation of the generation and reception of OFDM signals, eliminating the requirement 
for banks of analog subcarrier oscillators [19]. This presented an opportunity for an easy 
implementation of OFDM, especially with the use of Fast Fourier Transforms (FFT), which 
are an efficient implementation of the DFT.  
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Fig.1.1 Orthogonal Frequency Division Multiplexing. 
 
 
Fig1.2 Subcarriers within an OFDM Symbol. 
 
OFDM has been adopted in some commercial systems such as Digital Audio Broadcasting 
(DAB) [20], terrestrial Digital Video Broadcasting (DVB-T) [21], and the IEEE 802.11a 
Wireless Local Area Network (WLAN) [22].  
 
Orthogonal Frequency Division Multiple Access (OFDMA) technology, which results from a 
combination of OFDM with a FDMA protocol. This scheme was originally suggested by Sari 
and Karam for cable TV (CATV) networks [23], and later adopted in the uplink of the 
Interaction Channel for Digital Terrestrial Television (DVB-RCT) [24], it has become part of 
the emerging IEEE 802.16 standards for wireless metropolitan area networks (WMANs) [25], 
and is currently attracting vast researches attention from both academic and industrial point 
view, as a promising candidate for next generation broadband wireless networks. 
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1.6 OFDMA 
 
OFDMA has recently attracted vast research attention from both academia and industry and 
has become part of new emerging standards for broadband wireless access. Even though the 
OFDMA concept is simple in its basic principle, the design of a practical OFDMA system is 
far from being a trivial task. Synchronization represents one of the most challenging issues 
and plays a major role in the physical layer design. In OFDMA systems, the available 
subcarriers are divided into several mutually exclusive subchannels that are assigned to 
distinct users for simultaneous transmission. The  OFDMA system in downlink is essentially 
equivalent to an OFDM system. The only difference is that in OFDMA each transmitted block 
conveys simultaneous information for multiple subscribers while in OFDM it carries data for a 
single specific user. To fix the ideas, assume that the BS communicates with M users by 
exploiting N available subcarriers. The latter are evenly divided into R subchannels, each 
consisting of P =  N/R subcarriers. Without loss of generality, we consider the situation in 
which different subchannels are assigned to distinct users, even though in practice more 
subchannels may be allocated to the same user depending on its requested data rate [26]. 
 
The orthogonality among subcarriers guarantees intrinsic protection against Multiple Access 
Interference (MAI). Furthermore, OFDMA inherits from OFDM the ability to compensate 
channel distortions in the frequency domain without the need of computationally demanding 
time domain equalizers. Despite its appealing features, the design of an OFDMA system poses 
several technical challenges. One of the major problems with an OFDMA system is to 
synchronize the uplink transmission, because every user has to transmit its frame so that they 
avoid interfering the other users. For example as in Fig.1.3, if user 2 transmits too early it will 
disturb some of the user 1 transmission and if it transmits too late it will disturb user 4. On the 
downlink side this problem will not arise since the signal originates from a single source. So 
similarly to OFDM, OFDMA is extremely sensitive to timing errors and carrier frequency 
offsets between the incoming waveform and the local references used for signal demodulation. 
Inaccurate compensation of the frequency offset destroys orthogonality among subcarriers and 
produces Inter Channel Interference (ICI) as well as MAI. Timing errors result in Inter Block 
Interference (IBI) and must be counteracted to avoid severe error rate degradations. 
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Fig 1.3 OFDMA system 
In OFDMA, closely spaced and overlapped subcarriers are divided into groups and assigned to 
multiple users for simultaneous transmissions. Unlike traditional FDMA, where any 
overlapping of the frequency spectrum of different users introduces MAI, the orthogonality of 
subcarriers guarantees that there is no ICI, which prevents MAI among users in OFDMA 
systems. OFDMA inherits from OFDM the weakness of being sensitive to inaccurate 
frequency references. Carrier-Frequency Offset (CFO) between the transmitter and the 
receiver causes the loss of orthogonality among subcarriers and introduces ICI. In OFDMA, 
CFO will further cause MAI, which degrades the system performance [27]. CFO estimation is 
relatively simple in the broadcast link (downlink), where different user’s signals are 
multiplexed by the same transmitter, and the orthogonality among all subcarriers is 
maintained. Each user can perform the frequency synchronization by estimating a single CFO 
between itself and the transmitter, and compensate accordingly. Many CFO-estimation 
algorithms proposed for OFDM are applicable to the OFDMA downlink. The real challenge 
exists in the uplink of OFDMA, where a number of users share the total number of subcarriers, 
and each user has its own CFO. CFO estimation, in this case, becomes a multiple- parameter 
estimation problem. CFO estimation in the OFDMA uplink is closely related to the subcarrier-
assignment scheme adopted by the system [28].  
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1.7 IEEE 802.16e 
 
The IEEE 802.16 standards are intended to offer wireless broadband technology for the long-
range connection back to the service provider. They are also known as WiMAX standards and 
are supported by the WiMAX Forum. In January 2006, the WiMAX Forum announced the 
first products for IEEE802.16-2004-compliant certification [29]. The IEEE 802.16 standard 
ensures compatibility and interoperability between broadband wireless access components. 
IEEE 802.16 technology provides speeds comparable to wired systems, like cable and Digital 
Subscriber Line (DSL) links. End users can connect it to their internal wired Ethernet or 
wireless LANs. A summary of the IEEE 802.16 standards is shown in Table 1.1 [30]. These 
new technology of robust wireless communication has become available, and it is having a 
significant impact on how industrial operations are conducted. 
 
Table 1.1 IEEE 802.16 standards 
Standard 802.16e 802.16a/802.16d 802.16 
Completed Dec 2005 
802.16a: Jan 2003 
802.16d: Sep 2004 
Dec 2001 
Spectrum 2 to 6 GHz 2 to 11 GHz 10 to 66 GHz 
Channel conditions NLOS NLOS LOS 
Maximum data rate 
75 Mb/s 
(20 MHz channel) 
75 Mb/s 
(20 MHz channel) 
134Mb/s 
(28 MHz channel) 
Modulation Same as 802.16d 
OFDM, 
OFDMA,QPSK, 
16-QAM,64-
QAM,BPSK 
QPSK, 16-QAM, 
64-QAM 
Mobility Mobile and roaming Fixed and portable Fixed 
Channel bandwidths Same as 802.16d 
Scalable 1.5 to 20 
MHz 
20,25,and28 MHz 
Typical cell radius 1 to 3 miles 3 to 5 miles 1 to 3 miles 
 
IEEE 802.16e uses SOFDMA (Scalable Orthogonal Frequency Division Multiple Access) as 
transmission technique. SOFDMA is an OFDMA version where the bandwidth is scalable; in 
802.16e it is scalable between 1.25 to 20 MHz. The scalability is achieved by changing the 
FFT size, while keeping fixed subcarrier spacing [31]. Mobile WiMAX is intended for the 2.3 
GHz, 2.5 GHz and 3.5 GHz  spectra [15]. The system is defined so that the user can travel at 
speeds between 0-120 km/h. The theoretical upper limit for the bit rate in WiMAX, given a 
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bandwidth of 10 MHz, is 31 Mbps in downlink and 23 Mbps in uplink [31]. The base stations 
have a typical coverage up to an 8 km radius in a NLOS environment [32]. One of the more 
interesting features of 802.16e is that it supports MIMO (Multiple Input Multiple Output) 
devices. The market that 802.16e is focused on is typical city area network. But in the future 
wireless devices such as laptops and cell phones will probably be able to access different types 
of wireless networks depending on availability. 
 
1.8 Comparison between Wi-Fi and WiMAX: 
 
Table 1.2  provides a strong comparison between Wireless-Fidelity (Wi-Fi) and WiMAX 
technologies in terms of various aspects [4]. 
 
Table 1.2 Comparison between Wi-Fi and WiMAX 
 Wi-Fi (802.11) WiMAX (802.16) 
Modulation OFDM  However, the two 
implementations are not 
identical. 
 
OFDM-WiMAX radios require 
higher power because they must 
transmit over much longer distances 
than Wi-Fi radios 
Spectrum   Operated in the license free 
bands (2.4GHz, 5.1 GHz). 
 
WiMAX operates in licensed as well 
as unlicensed swaths of 
Spectrum 
Frequency  
 
802.11 standard dictates one 
channel width and 
one frequency (either 2.4 or 5 
GHz), 
 
802.16a/REVd can work in a number 
of frequency bands, and the available 
frequency can be sliced into a variety 
of channel widths 
 
Range  Wi-Fi in the LAN - Long-
range Wi-Fi has 
complications. 
 
WiMAX in the MAN / WAN 
 
Channel bandwidth 
 
Fixed 20 MHz bandwidth 
with 52 sub carriers 
 
Variable bandwidths from 1 to 28 
MHz with 256 sub carriers (192 data 
sub carriers) 
 
Guard interval Fixed at ¼ symbol Time Variable length guard interval 
at the beginning of the packet to 
compensate for multi-path 
interference: ranges from 
1/32 to ¼ symbol time 
Error vector magnitude 
(EVM) 
-25dB which is required to 
achieve10%packet error rate. 
-31dBwhich is based on a 1% packet 
error rate 
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Chapter Two 
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 
Fading In Wireless Environment 
 
Radio waves propagate from a transmitting antenna, and travel through free space undergoing 
absorption, reflection, refraction, diffraction, and scattering. They are greatly affected by the 
ground terrain, the atmosphere, and the objects in their path, like buildings, bridges, hills, 
trees. These multiple physical phenomena are responsible for most of the characteristic 
features of the received signal. 
 
2.1 Mobile Radio Propagation :Large Scale and Small Scale Fading 
 
Fig.2.1 represents an overview of fading channel manifestations. It starts with two types of 
fading effects that characterize mobile communications [33-34]. 
 
 large-scale fading. 
 small-scale fading.  
 
Large-scale fading represents the average signal power attenuation or path loss due to motion 
over large areas. The large-scale fading manifestation is shown in blocks 1, 2, and 3, [33]. 
This phenomenon is affected by prominent terrain contours between the transmitter and 
receiver like hills, forests, billboards, clumps of buildings. The receiver is often represented as 
being shadowed by such prominences. The statistics of large-scale fading provide a way of 
computing an estimate of path loss as a function of distance. This is described in terms of a 
mean-path loss and a log-normally distributed variation about the mean.  
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Fig.2.1 fading channel manifestations  
 
Shadowing of the signal can occur whenever there is an obstruction between the transmitter 
and receiver. It is generally caused by buildings and hills, and is the most important 
environmental attenuation factor. Shadowing is most severe in heavily built up areas, due to 
the shadowing from buildings. However, hills can cause a large problem due to the large 
shadow they produce. Radio signals diffract off the boundaries of obstructions, thus 
preventing total shadowing of the signals behind hills and buildings. However, the amount of 
diffraction is dependent on the radio frequency used, where low frequencies diffracting more 
than high frequency signals. Thus high frequency signals, especially, Ultra High Frequencies 
(UHF), and microwave signals require line of sight for adequate signal strength. To overcome 
the problem of shadowing, transmitters are usually elevated as high as possible to minimize 
the number of obstructions. 
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Small-scale fading refers to the dramatic changes in signal amplitude and phase that can be 
experienced as a result of small changes in the spatial separation between a receiver and 
transmitter. The transmitted signal arrives at the receiver via several paths with different time 
delays creating a multipath situation as shown in Fig.2.2. At the receiver, these multipath 
waves with randomly distributed amplitudes and phases combine to give a resultant signal that 
is small-scale fading which is classified as flat or frequency selective or slow or fast fading. 
As indicated in Fig.2.1 small-scale fading manifests itself into two mechanisms, time 
spreading of the signal  and time-variant behavior of the channel. 
 
 
 
Fig.2.2 Multipath fading 
 
For mobile radio applications, the channel is time-variant because motion between the 
transmitter and receiver results in propagation path changes. The rate of change of these 
propagation conditions accounts for the fading rapidity. So when there is a relative motion 
between the transmitter and the receiver, Doppler spread is introduced in the received signal spectrum, 
causing frequency dispersion such that; 
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 If the Doppler spread is significant relative to the bandwidth of the transmitted signal, 
the received signal is said to undergo fast fading. This form of fading typically occurs 
for very low data rates.  
 If the Doppler spread of the channel is much less than the bandwidth of the  baseband 
signal then signal is said to undergo slow fading. 
 
Small-scale fading is also called Rayleigh fading because if the multiple reflective paths are 
large in number and there is no line-of-sight signal component, the envelope of the received 
signal is statistically described by a Rayleigh Probability Density Function (PDF). When there 
is a dominant non fading signal component present, such as a line-of-sight propagation path, 
the small scale fading envelope is described by a Rician PDF [34]. 
 
There are three basic mechanisms that impact signal propagation in a mobile communication 
system. They are: 
 
 Reflection: Reflection occurs when a propagating electromagnetic wave impinges on a 
smooth surface with very large dimensions compared to the RF signal wavelength (λ) 
 
 Diffraction occurs when the radio path between the transmitter and receiver is 
obstructed by a dense body with large dimensions compared to the propagation wave 
length (λ), causing secondary waves to be formed behind the obstructing body. 
Diffraction is a phenomenon that accounts for RF energy traveling from transmitter to 
receiver without a line-of-sight path between the two. It is often termed shadowing 
because the diffracted field can reach the receiver even when shadowed by an 
impenetrable obstruction. 
 
 Scattering occurs when a radio wave impinges on either a large rough surface or any 
surface whose dimensions are on the order of λ or less, causing the reflected energy to 
spread out (scatter) in all directions. In an urban environment, typical signal 
obstructions that yield scattering are lampposts, street signs, and foliage. 
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2.2 Flat and Frequency selective Fading channel 
 
A channel is referred to as frequency-selective if coherence bandwidth f0 less than the symbol 
rate (1/Ts)  where  f0=1/𝜏𝑚𝑎𝑥   and 𝜏𝑚𝑎𝑥    is the maximum excess delay, W nominally taken to 
be equal to the signal bandwidth W. In practice, W may differ from 1/Ts due to system filtering 
or data modulation type (quaternary phase shift keying, QPSK, minimum shift keying, MSK, 
etc.) [33],[34]. 
 
Frequency-selective fading distortion occurs whenever a signal’s spectral components are not 
all affected equally by the channel. Some of the signal’s spectral components, falling outside 
the coherence bandwidth, will be affected differently compared to those components contained 
within the coherence bandwidth. This occurs whenever f0 < W and, [33]. 
 
Frequency-nonselective, or flat fading degradation, occurs whenever f0 > W. Hence, all of the 
signal’s spectral components will be affected by the channel in a similar manner. Flat-fading 
does not introduce channel-induced ISI distortion, but performance degradation can still be 
expected due to loss in SNR whenever the signal is fading. In order to avoid channel induced 
ISI distortion, the channel is required to exhibit flat fading by ensuring that 
 
                                               f0>W ≅
1
𝑇𝑠
                                                                                (2.1) 
 
For the flat-fading case, where f0 > W (or 𝜏𝑚𝑎𝑥   < Ts. So if the mobile radio channel has a 
constant gain and a linear phase response over a bandwidth larger than the bandwidth of the 
transmitted signal under these conditions, the received signal has amplitude fluctuations due to 
the variations in the channel gain over time caused by multipath [33].  
 
2.3 Fast and Slow Fading Channel 
 
A channel is referred to as fast fading if the symbol rate, 1/Ts  is less than the fading rate 1/T0 
which is approximately equal to  maximum Doppler shift Fd , where  𝐹𝑑 =
𝑣
𝜆
  ,and  v is relative 
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velocity,  λ is the signal wavelength, and T0 denudated as coherence time. So fast fading is 
characterized by Eq.2.2 and  Eq.2.3 
 
                        W < Fd                                                                                                            (2.2) 
Or 
                      Ts > T0.                                                                                                             (2.3) 
 
Conversely, a channel is referred to as slow fading if the signaling rate is greater than the 
fading rate. Thus, in order to avoid signal distortion caused by fast fading, the channel must be 
made to exhibit slow fading by ensuring that the signaling rate must exceed the channel fading 
rate. That is, 
 
W > Fd                                                                                                                            (2.4) 
Or 
Ts < T0.                                                                                                                          (2.5) 
 
In Eq.2.1, it was shown that due to signal dispersion, the coherence bandwidth, f0, sets an 
upper limit on the signaling rate which can be used without suffering frequency-selective 
distortion. Similarly, Eq.2.4 shows that due to Doppler spreading, the channel fading rate, fD, 
sets a lower limit on the signaling rate that can be used without suffering fast fading distortion 
[33],[34].  
 
A better way to state the requirement for mitigating the effects of fast fading would be that we 
desire W >> Fd (or Ts << T0). If this condition is not satisfied, the random frequency 
modulation due to varying Doppler shifts will limit the system performance significantly, [33]. 
 
2.4 Statistical modeling of Fading: 
 
Many models for the probability distribution function of the signal amplitude exposed to 
mobile fading have been given. Out of these models Rayleigh fading, Rician Fading 
Nakagami, fading log normal model, and Suzuki model. 
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2.4.1 Rayleigh Fading:  
 
The mobile antenna, instead of receiving the signal over one line-of-sight path, receives a 
number of reflected and scattered waves, as shown in Fig.2.2. Because of the varying path 
lengths, the phases are random, and consequently, the instantaneous received power becomes 
a random variable. In the case of an un-modulated carrier, the transmitted signal at frequency 
fc reaches the receiver via a number of paths, the ith path having an amplitude ai, and a phase ∅i. 
If we assume that there is no direct path or Line-Of Sight (LOS) component, the received 
signal s(t) can be expressed as: 
 
𝑠 𝑡 =  𝑎𝑖
𝐿
𝑖=1
cos 2𝜋𝑓𝑐𝑡 + ∅𝑖                                                                                                       (2.6) 
 
where L is the number of paths. The phase ∅i depends on the varying path lengths changing by 
2𝜋, [35]. 
 
Eq.2.6  must be modified to include the effects of motion induced frequency and phase shifts. 
Let the ith reflected wave with amplitude ai and phase ∅i  arrive at the receiver from an angle  αi  
relative to the direction of motion of the antenna. The Doppler shift of this wave is given by, 
  
𝑓𝑑𝑖 =
𝑓
𝑐
𝑣
𝑐
𝑐𝑜𝑠 α𝑖                                                                                                                            (2.7) 
 
where v is the velocity of the mobile, c is the speed of light (3x10
^8 m/s), and the αi’s are 
uniformly distributed over [0,2π]. The received signal s(t) can now be written as; 
 
𝑠 𝑡 =  𝑎𝑖
𝐿
𝑖=1
𝑐𝑜𝑠 2𝜋(𝑓𝑐 + 𝑓𝑑𝑖 )𝑡 + ∅𝑖                                                                                            (2.8) 
 
Expressing the signal in inphase and quadrature form Eq.2.8 can be written as; 
𝑠 𝑡 = 𝐼 𝑡 𝑐𝑜𝑠(2𝜋𝑓𝑐𝑡) − 𝑄 𝑡 𝑠𝑖𝑛(2𝜋𝑓𝑐𝑡)                                                                                   (2.9) 
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Where  
𝐼 𝑡 =  𝑎𝑖cos⁡(
𝐿
𝑖=1
2𝜋𝑓𝑑𝑖 𝑡 + ∅𝑖)                                                                                                     (2.10) 
And  
𝑄 𝑡 =  𝑎𝑖sin⁡(
𝐿
𝑖=1
2𝜋𝑓𝑑𝑖 𝑡 + ∅𝑖)                                                                                                   (2.11) 
 
The envelope r is given by; 
 
𝑟 =  𝐼2(𝑡) + 𝑄2(𝑡)                                                                                                                          (2.12) 
 
The PDF of the received signal envelope, f(r), can be shown to be Rayleigh [7], given by; 
 
𝑓 𝑟 =
𝑟
𝜍2
exp −
𝑟2
2𝜍2
     𝑟 > 0                                                                                                    2.13  
 
Where r is the envelope amplitude of the received signal, and 2𝜍2 is the  mean power of the 
multipath signal. 
 
2.4.2 Rician Fading: 
 
The model behind Rician fading is similar to that for Rayleigh fading, except that in Rician 
fading a strong dominant component is present [7],[34],[35]. This dominant component can, 
for instance, be the LOS wave. Refined Rician models also consider; 
 
 The dominant wave can be a phasor sum of two or more dominant signals   e.g. the 
LOS, plus a ground reflection.  
 The dominant wave can also be subject to shadow attenuation. This is a popular 
assumption in the modeling of satellite channels.  
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Besides the dominant component, the mobile antenna receives a large number of reflected and 
scattered waves. 
 
The Rician factor K is defined as the ratio of signal power in dominant component to the 
(local-mean) scattered power 
𝐾 =
Direct Power
Scattered Power
 
 
In the presence of such a path, the received signal  can be written as; [7]. 
 
𝑠 𝑡 =  𝑎𝑖
𝐿
𝑖=1
cos 2𝜋 𝑓𝑐 + 𝑓𝑑𝑖  𝑡 + ∅𝑖 + 𝐾𝑐𝑜𝑠 2𝜋(𝑓𝑐 + 𝑓𝑑)𝑡                                                (2.14) 
 
Where fd  is the Doppler shift along the LOS path. 
 
The envelope in this case has a Rician density function given by Eq.2.15 [7]. 
 
𝑓 𝑟 =
𝑟
𝜍2
exp −
𝑟2 + 2𝐾2
2𝜍2
 𝐽0(
2𝑟𝐾
𝜍2
)         𝑟 > 0                                                                     (2.15) 
 
Where J0 is the zero-order Bessel function of the first kind. 
 
2.4.3 Nakagami Fading: 
 
Nakagami fading occurs for instance for multipath scattering with relatively large delay-time 
spread, with different clusters of reflected waves. Within any one cluster, the phases of 
individual reflected waves are random, but the delay times are approximately equal for all 
waves. As a result, the envelope of each cumulated cluster signal is Rayleigh distributed. The 
average time delay is assumed to differ significantly between clusters. If the delay times also 
significantly exceed the bit time of a digital link, the different clusters produce serious ISI, so 
the multipath self-interference then approximates the case of co-channel interference by 
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multiple incoherent Rayleigh-fading signals. Following are some important facts related to 
Nakagami fading [35].  
 
 If the envelope is Nakagami distributed, the corresponding instantaneous power is 
gamma distributed.  
 The parameter m is called the 'shape factor' of the Nakagami or the gamma 
distribution.  
 In the special case m = 1, Rayleigh fading is recovered, with an exponentially 
distributed instantaneous power  
  For m > 1, the fluctuations of the signal strength reduce compared to Rayleigh fading.  
 
The fading model for the received signal envelope, proposed by Nakagami, has the PDF given 
by Eq.2.17 [35]. 
 
𝑓 𝑟 =
2𝑚𝑚𝑟2𝑚−1
𝛤(𝑚)𝛺𝑚
exp −
𝑚𝑟2
𝛺
        𝑟 > 0                                                                (2.17) 
 
where Γ(m) is the Gamma function, m is the shape factor (with the constraint that m ≥ ½) 
given by Eq.2.18 
 
𝑚 =
𝐸2{ 𝑟2 }
𝐸{[𝑟2 − 𝐸 𝑟2 ]}2
                                                                                                        (2.18) 
 
Where E[X] is the expected value of X, the parameter 𝛺 control the spread of the distribution 
and is giving as E[r
2
]. 
 
2.4.4 Lognormal Distribution: 
 
The fading over large distances causes random fluctuations in the mean signal power. 
Evidence suggests that these fluctuations are lognormal distributed. A heuristic explanation for 
encountering this distribution is as follows: The transmitted signal undergoes multiple 
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reflections at the various objects in its path, before reaching the receiver. Then it splits up into 
a number of paths, which finally combine at the receiver. The expression for the transmitted 
signal is the same as given in Eq.2.8, except that the path amplitudes 𝑎𝑖  are themselves the 
products of the amplitudes due to the multiple reflections [36], as in Eq.2.19, [35]. 
 
𝑎𝑖 =  𝑎𝑗𝑖
𝑀𝑖
𝑗=1
                                                                                                                             (2.19) 
 
where Mi is the number of multiple reflections per path. Multiplication of the signal amplitude 
leads to a lognormal distribution [36], in the same manner that an addition results in a normal 
distribution by virtue of the central limit theorem [37]. A study of mobile radio propagation 
modeling reveals that there is no direct reference to the global statistics of path amplitudes 
[35]. 
 
However, the fact that the mean of the envelope is lognormal seems to be well established in 
the literature. The lognormal PDF is given by Eq.2.20. 
 
𝑓 𝑟 =
1
𝑟𝜍 2𝜋
exp  −
(ln 𝑟 − 𝜇)2
2𝜍2
       𝑟 > 0                                                                    (2.20) 
 
where µ is the mean of log(r), and 𝜍2  is the variance of log(r). With this distribution, log r has 
a normal distribution. 
 
2.4.5 Suzuki Distribution: 
 
Another approach used to describe the statistical fluctuations in the received signal combines 
the Rayleigh and lognormal in a single model. Suzuki [38] suggested that the envelope 
statistics of the received signal envelope could be represented by a mixture of Rayleigh and 
lognormal distributions in the form of a Rayleigh distribution with a log normally varying 
mean [38]. He suggested the formulation in Eq.2.21, 
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𝑓 𝑟 =  
𝑟
𝜍2
exp⁡(−
𝑟2
2𝜍2
∞
0
)
1
𝜍ϛ 2𝜋
exp −
(ln𝜍 − 𝜇) 2
2ϛ2
 𝑑𝜍   𝑟 > 0                                     (2.21) 
 
where 𝜍 is the mode or the most probable value of the Rayleigh distribution, ϛ is the shape 
parameter of the lognormal distribution, [35]. 
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Chapter Three 
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 
OFDM principles 
3.1 Introduction 
 
In a conventional serial data system, the symbols are transmitted sequentially, with the 
frequency spectrum of each data symbol allowed to occupy the entire available bandwidth. A 
parallel data transmission system offers possibilities for alleviating many of the  problems 
encountered with serial systems. A parallel system is one in which several sequential streams 
of data are transmitted simultaneously, so that at any instant many data elements are being 
transmitted. In such a system, the spectrum of an individual data element normally occupies 
only a small part of the available bandwidth. In the OFDM scheme, shown in Fig.3.1 the serial 
data stream of a traffic channel is passed through a Serial-to-Parallel (S/P) convertor, which 
splits the data into a number of parallel channels. The data in each channel is applied to a 
modulator, such that for N channels there are N modulators whose carrier frequencies are f0, 
f1,…, fN-1. The difference between adjacent channels is ∆f and the overall bandwidth W, of the 
N modulated carriers is N∆f. In the more conventional serial transmission approach, the traffic 
data is applied directly to the modulator, transmitting at a carrier frequency positioned at the 
center of the transmission band and the modulated signal occupies the entire bandwidth W, 
[39]. 
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Fig.3.1 OFDM Scheme  
 
OFDM is based on multicarrier communication techniques. The idea of multicarrier 
communications is to divide the total signal bandwidth into number of subcarriers and 
information is transmitted on each of the subcarriers. Unlike the conventional multicarrier 
communication scheme in which spectrum of each subcarrier is non-overlapping and band 
pass filtering is used to extract the frequency of interest, in OFDM the frequency spacing 
between subcarriers is selected such that the subcarriers are mathematically orthogonal to each 
other [40]. The spectra of subcarriers overlap each other but individual subcarrier can be 
extracted by baseband processing. This overlapping property makes OFDM more spectral 
efficient than the conventional multicarrier communication scheme. Fig.3.2 [11], shows the 
serial transmission of symbols S0; S1;…; SN-1, during the N-symbol period of the conventional 
serial system, each OFDM modulator carriers only one symbol, and the error burst causes 
severe signal degradation of the duration of k-serial symbols. In parallel stream the error burst 
is only a small fraction of the symbol period than each of the OFDM symbols and it is slightly 
affected by the fade. Accordingly they can be correctly demodulated. Thus while the serial 
system exhibits an error burst, no errors or few errors may occur using the OFDM approach. 
The principal advantage of OFDM is less sensitive to channel induced dispersion, this is 
because the symbol period has been increased, the channel's delay spread becomes a 
significantly shorter fraction of a symbol period than in the serial system. 
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Fig.3.2 Effect of fade on serial and parallel transmission 
3.2 Generation of OFDM Symbols 
 
A baseband OFDM symbol can be generated in the digital domain before modulating a carrier 
for transmission. To generate a baseband OFDM symbol, a serial digitized data stream is first 
modulated using common modulation schemes such as the Phase Shift Keying (PSK) or 
Quadrature Amplitude Modulation (QAM). Then these data symbols are converted to parallel 
streams before modulating subcarriers. Subcarriers are sampled with sampling rate NTs, where 
N is the number of subcarriers and Ts is the OFDM symbol duration. Finally, samples on each 
subcarrier are summed together to form an OFDM sample [41], as illustrated in Fig.3.3. This 
is equivalent to the N-point Inverse Discrete Fourier Transform (IDFT).It is well known that 
IDFT can be implemented efficiently using Inverse Fast Fourier Transform (IFFT) [42]. 
Therefore, in practice, the IFFT is performed on the data sequence at an OFDM transmitter for 
baseband modulation and the FFT is performed at an OFDM receiver for baseband 
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demodulation. Size of FFT and IFFT is N, which is equal to the number of subchannels 
available for transmission. The subchannel bandwidth is given by ; 
𝑓𝑠𝑐 =
1
𝑇𝑠
=
𝑓
𝑁
                                                                                                                       (3.1) 
 
where f is the sample rate and Ts is the symbol time. Finally, a baseband OFDM symbol is 
modulated by a carrier to become a band pass signal and transmitted to the receiver. 
  
 
 
Fig.3.3 DFT  implementation of transmitted wave form  
 
3.3 Calculation of OFDM Parameters 
 
For a given bit rate R and the delay spread of a multipath channel τ, the parameters of an 
OFDM system can be determined as follows [41]: 
 
 The guard time G should be at least twice the delay spread, i.e. 
 
G ≥2τ . 
 To minimize the SNR loss due to the guard time, the symbol duration should be much 
larger than the guard time. However, symbols with long duration are susceptible to 
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Doppler spread, phase noise, and frequency offset. As a rule of thumb, the OFDM 
symbol duration Ts should be at least five times the guard time, i.e. 
 
Ts≥5G 
 
 The frequency spacing between two adjacent subcarriers is  
 
∆f = 1/Ts 
 
 For a given data rate R, the number of information bits per OFDM symbol  Binfo is 
 
B info=RTs 
 
 For a given B info  and the number of bits per symbol per subcarrier R sub , the number 
of subcarriers N is 
N= B info / R sub 
 
where  Rsub = 2 bits/symbol/subcarrier for QPSK 
            Rsub = 4 bits/symbol/subcarrier for 16-QAM. 
 
The OFDM signal bandwidth is defined as  
 
BW =N∆F 
 
Two observations are made from the above calculations: 
 
 Increasing the symbol duration decreases the frequency spacing between subcarriers. 
Thus, for a given signal bandwidth, more subcarriers can be accommodated. On the 
other hand, for a given number of subcarriers, increasing the symbol duration 
decreases the signal bandwidth. 
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 Increasing the number of subcarriers increases the number of samples per OFDM 
symbol. However, it does not necessary imply that the symbol duration increases. If 
the OFDM symbol duration remains the same, the duration between two samples 
decreases as a result. This implies the increase in the OFDM signal bandwidth. On the 
other hand, if the OFDM signal bandwidth is fixed, then increasing the number of 
subcarriers decreases the frequency spacing between two subcarriers, which in turn 
increases the symbol duration. The duration between two samples remain the same in 
this case [41]. 
 
3.4 Inter-Symbol and Inter-Carrier Interference:  
 
In a multipath environment, a transmitted symbol takes different times to reach the receiver 
through different propagation paths, in this case the channel introduces time dispersion in 
which the duration of the received symbol is stretched, this will cause the current received 
symbol to overlap previous received symbols and results in ISI, [34]. In OFDM, ISI usually 
refers to interference of an OFDM symbol by previous OFDM symbols.  
 
In OFDM, the spectra of subcarriers overlap but remain orthogonal to each other. This means 
that at the maximum of each subcarrier spectrum, all the spectra of other subcarriers are zero 
[41].The receiver samples data symbols on individual subcarriers at the maximum points and 
demodulates them free from any interference from the other subcarriers. Interference caused 
by data symbols on adjacent subcarriers is referred to ICI. The orthogonality of subcarriers can 
be viewed in either the time domain or in frequency domain. From the time domain 
perspective, each subcarrier is a sinusoid with an integer number of cycles within one FFT 
interval, however from the frequency domain perspective, this corresponds to each subcarrier 
having the maximum value at its own center frequency and zero at the center frequency of 
each of the other subcarriers. The orthogonality of a subcarrier with respect to other 
subcarriers is lost if the subcarrier has nonzero spectral value at other subcarrier frequencies. 
From the time domain perspective, the corresponding sinusoid no longer has an integer 
number of cycles within the FFT interval. 
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ICI occurs when the multipath channel varies over one OFDM symbol time. When this 
happens, the Doppler shifts on each multipath component causes a frequency offset on the 
subcarriers, resulting in the loss of orthogonality among them. ICI also occurs when there is a 
frequency offset due transmitter/ receiver oscillator mismatch, phase noise, and/or the non-
linear power amplifier effect. The oscillator mismatch or the phase noise cause the received 
signal to be sampled at incorrect positions, and thereby taking the effect of all the subcarriers 
that is, orthogonality loss, [43],[44]. When ICI left without compensation, this effect reduces 
the performance of channel estimation methods, especially those based on fixed channel 
statistics [45]. ICI needs to be compensated either due to the frequency offset or the fast-
varying nature of the Channel Impulse Response  (CIR) taps, these two effect will be 
presented independently. 
 
3.4.1 ICI Due to Frequency Offset: 
 
ICI due to frequency offset mostly occurs due to the loss of synchronization of the subcarriers 
or the phase noise of the oscillators. In WLAN and WiMAX standards, in the preamble, two 
short duration OFDM symbols are provided for the synchronization purposes. These short 
symbols can also be used for the frequency offset estimation. The compensation of ICI due the 
frequency offset is relatively less challenging compared to the compensation of the ICI due to 
fast channel variation since the value of the frequency offset parameter is constant over all the 
subcarriers. 
 
3.4.2 ICI Due to Fast Fading Channel: 
 
When the CIR taps vary over the duration of OFDM symbols, for an accurate channel 
estimation, the CIR tap values corresponding to each sampling instance need to be obtained so 
that the corresponding CFR is estimated 
 
The characteristics of ICI are similar to Gaussian noise, hence it leads to degradation of the 
SNR. The amount of degradation is proportional to the fractional frequency offset which is 
equal to the ratio of frequency offset to the carrier spacing. Frequency offset can be estimated 
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by different methods e.g.(using pilot symbols, the statistical redundancy in the received signal, 
or transmitted training sequences).  
 
3.5 Current ICI reduction methods 
 
Currently a few approaches for reducing ICI have been developed. Three solutions to combat 
ICI have been presented in [46]. 
 
 self-cancellation scheme in which redundant data is transmitted onto adjacent sub-
carriers such that the ICI between adjacent sub-carriers cancels out at the receiver. 
 Maximum likelihood (ML) estimation  
 Extended Kalman filter (EKF) method, statistically estimate the frequency offset and 
correct the offset using the estimated value at the receiver.  
 
A pulse shape is suggested to decrease the ICI in OFDM due to frequency offset ,such  as 
rectangular,  raised cosine and improved sinc power pulse were used in  [47],[48],[49].  
 
3.6 Guard Time Insertion 
 
One of the most important reasons to employ OFDM modulation is the efficient way it deals 
with multipath delay spread. By dividing the input data stream in N subcarriers, the symbol 
duration is made N time longer, which reduces the relative multipath delay spread, relative to 
the symbol time, by the same factor. 
 
To eliminate ISI almost completely, a guard time is introduced for each OFDM symbol. The 
guard interval is chosen larger than the expected delay spread, such that multipath components 
from one symbol cannot interfere with the next symbol. The method is best explained with 
reference to Fig 3.4. Every block of N samples as obtained by IFFT is quasi-periodically 
extended by a length Ng simply repeating Ng samples of the useful information block. The 
total sequence length becomes N + Ng samples, corresponding to a duration of Ts + Tg.[39]. 
Trailing and leading samples of this extended block are corrupted by the channel transient 
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response, hence the receiver should demodulate only the central N number of samples, 
essentially unaffected by the channel's transient response. A guard time is inserted at the 
beginning of each OFDM symbol before transmission and removed at the receiver before the 
FFT operation. In order to preserve orthogonality among subcarriers. Guard time insertion can 
be introduced in many ways, but the most effective way of inserting guard period  is to extract 
a portion of an OFDM symbol at the end and append it to the beginning of the OFDM symbol 
as shown in Fig.3.4. 
 
 
Fig.3.4 Guard interval by cyclic extension 
 
The cyclic extension actually wastes channel capacity as well as transmitted power; however, 
if the useful information blocks are long, the extension length can be kept low relative to the 
useful information block length. If the guard time is chosen such that its duration is longer 
than the delay spread, the ISI can be completely eliminated. Fig 3.5 and Fig 3.6 illustrates the 
concept of guard time insertion in an OFDM system. 
 
Fig 3.7 and Fig3.8 demonstrates the idea of eliminating ISI from OFDM symbols. In Fig.3.7 
an OFDM symbol received is interfered from the previous OFDM symbol. On the other hand, 
Fig.3.8 shows that the OFDM symbol received is no longer interfered from the previous 
OFDM symbol. However, the received symbol is still interfered by its replicas and we refer to 
this type of interference as self-interference. In order to preserve orthogonality among 
subcarriers, the guard time is inserted by cyclically extending an OFDM symbol [41]. 
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Fig 3.5 Received OFDM Symbol Components after passing through a multipath 
channel without guard interval. 
 
 
Fig 3.6 Received OFDM Symbol Components after passing through a multipath with guard interval 
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Fig.3.7 Received OFDM Symbols after passing through a multipath channel 
without guard interval 
 
 
 
Fig.3.8 Received OFDM Symbols after passing through a multipath channel with guard interval 
 
 
3.7 OFDM System design considerations 
 
OFDM system design issues aim to decrease the data rate at the subcarriers, hence, the symbol 
duration increases and as a result, the multipath effects are reduced effectively. The insertion 
of higher valued CP will bring good results against combating multipath effects but at the 
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same time it will increase loss of energy. Thus, a tradeoff between these two parameters must 
be done to obtain a reasonable system design. 
 
3.7.1 System design requirements: 
 
OFDM system depends on the following requirements: 
 
1. Available bandwidth: The bandwidth limit will play a significant role in the selection 
of number of subcarriers. Large amount of bandwidth will allow obtaining a large 
number of subcarriers with reasonable CP length. 
2. Required bit rate: The system should be able to provide the data rate required for the 
specific purpose. 
3. Doppler values: The effect of Doppler shift due to user movement should be taken into 
account. 
 
3.7.2 System design parameters: 
 
The design parameters are derived according to the system requirements. The design 
parameters for an OFDM system are as follows: 
 
 Number of subcarriers: Large number of subcarriers will help to combat multipath 
effects. But, at the same time, this will increase the synchronization complexity at the 
receiver side . 
 
 Symbol duration and CP length: A perfect choice of ratio between the CP length and 
symbol duration should be selected, so that multipath effects are combated and not 
significant amount bandwidth is lost due to CP. 
 
 Modulation type per subcarrier: The performance requirement will decide the selection 
of modulation scheme. Adaptive modulation can be used to support the performance 
requirements in changing environment. 
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Chapter Four 
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 
OFDM system  
4.1 System Model  
 
In standard OFDM system, the information symbols are grouped into blocks and IDFT  is 
performed on each block then a proper cyclic prefix (CP) extension is added before they are 
fed into the modulator and transmitted. At the receiver, DFT is performed on each received 
OFDM symbol after the CP is removed [50].The main process is sown in Fig.4.1. 
 
 
Fig.4.1: OFDM System Model 
 
The OFDM system based on pilot channel estimation is given in Fig.4.1, [51-52]. The binary 
information is first grouped and mapped according to the modulation in signal mapper. After 
inserting pilots either to all sub-carriers with a specific period or uniformly between the 
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information data sequence, IDFT block is used to transform the data sequence of length N 
{X(k)} into time domain signal {x(n)} as in Eq.4.1. 
 
     𝑥 𝑛 =  𝑋(𝑘)𝑒𝑗 (
2𝜋𝑘𝑛
𝑁 )
𝑁−1
𝑘=0
 𝑤𝑕𝑒𝑟𝑒 𝑛 = 0,1,2,… ,𝑁 − 1                                        (4.1) 
 
Where N is the DFT length. Following IDFT block, guard time, which is chosen to be larger 
than the expected delay spread, is inserted to prevent inter-symbol interference. This guard 
time includes the cyclically extended part of OFDM symbol in order to eliminate inter-carrier 
interference (ICI) [53]. The resultant OFDM symbol is given by; 
 
𝑥𝑓 𝑛 =  
𝑥 𝑁 + 𝑛 ,   𝑛 = −𝑁𝑔 ,−𝑁𝑔 + 1,… ,−1
𝑥 𝑛 ,                            𝑛 = 0,1,…𝑁 − 1
                                                            (4.2)   
 
Where Ng is the length of the guard interval. The transmitted signal xf(n) will pass through the 
time varying frequency selective fading channel with additive noise. The received signal is 
given by; 
 
𝑦𝑓 𝑛 = 𝑥𝑓 𝑛 ⊗ 𝑕 𝑛 + 𝑤 𝑛                                                                                                (4.3) 
 
Where w(n) is Additive White Gaussian Noise (AWGN) and h(n)  is the channel impulse 
response. The channel  response can be represented by Eq.4.4 
 
𝑕 𝑛 =  𝑕𝑖
𝐿−1
𝑖=0
𝑒𝑗  
2𝜋
𝑁  𝑓𝑑𝑖 𝑇𝑛  𝛿 𝜏 − 𝜏𝑖   𝑤𝑕𝑒𝑟𝑒 0 ≤ 𝑛 ≤ 𝑁 − 1                                            (4.4) 
 
Where h(n) is the time varying channel impulse response , L is the total number of propagation 
paths, hi is the complex impulse response of the i
th
 path, fdi is the i
th
 path Doppler frequency 
shift, τ is delay spread index, Tn is the sample period and τ is the i
th
 path delay normalized by 
the sampling time. 
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At the receiver, after passing to discrete domain through A/D and low pass filter, guard time is 
removed: 
 
  𝑦𝑓 𝑛   𝑓𝑜𝑟  −𝑁𝑔 ≤ 𝑛 ≤ 𝑁 − 1                                                                                                 (4.5) 
 
 𝑦 𝑛 = 𝑦𝑓 𝑛 +  𝑁𝑔    𝑛 = 0,1,…𝑁 − 1                                                                                (4.6) 
 
       𝑦 𝑛 =  𝑕 𝑛 𝑥 𝑛 − 𝑖 + 𝑤 𝑛                                                                                           (4.7)
𝐿−1
𝑖=0
 
 
Where w(n) is a white Gaussian noise with zero mean and variance σ2.Then y(n) is sent to DFT 
block. 
 
𝑌 𝑘 =
1
𝑁
 𝑦(𝑛)𝑒−𝑗 
2𝜋𝑘𝑛
𝑁              𝑤𝑕𝑒𝑟𝑒  𝑘 = 0,1,2,… ,𝑁 − 1                                  (4.8)
𝑁−1
𝑛=0
 
 
The received signal can be written in the form  Y(k)=DFT(y(n))=X(k)H(k)+I(k)+W(k), [51]. 
𝑊𝑕𝑒𝑟𝑒 ∶ 
The channel frequency response is,  
 
𝐻 𝑘 =  𝑕 𝑛 𝑒−𝑗 
2𝜋𝑖𝑘
𝑁              𝑤𝑕𝑒𝑟𝑒  𝑘 = 0,1,2,… ,𝑁 − 1                                      (4.9)
𝐿−1
𝑖=0
 
   
The FFT value of the noise is,   
 
𝑊 𝑘 =
1
𝑁
 𝑤 𝑛 𝑒−𝑗 
2𝜋𝑛𝑘
𝑁              𝑤𝑕𝑒𝑟𝑒 𝑛 = 0,1,2,… ,𝑁 − 1                                (4.10)
𝑁−1
𝑛=0
 
 
I(k) in Eq.4.11, represent the ICI value caused by time-variant nature of the channel when the 
Doppler frequency is high, which is assumed to be a Gaussian random variable according to 
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central limit theory [54]. Both I(k) and W(k) are having bad effects on the useful signal ,when 
the AWGN  approach zeros  (high SNR) the total noise becomes dominantly ICI [54]. 
 
𝐼 𝑘 =
1
𝑁
 𝑋 𝑚  𝐻(𝑚)
𝑁−1
𝑛=0
𝑒
𝑗  
2𝜋𝑛 (𝑚−𝑘)
𝑁
 
                                                               (4.11)
𝑁−1
𝑚=0,𝑚≠𝑘
 
 
Following DFT block the pilots signals are extracted and the estimated channel He(k) for the 
data sub channels is obtained in channel estimation block then the transmitted data is 
estimated by Eq.4.12. 
 
             𝑋𝑒 =
𝑌(𝑘)
𝐻𝑒(𝑘)
                                                                                                          (4.12) 
 
4.2 WSSUS Channel: 
 
A time-varying frequency-selective wireless channel is usually modeled as a Wide-Sense 
Stationary Uncorrelated Scattering (WSSUS) process [55-57]. The impulse response of a 
WSSUS channel is expressed as in Eq.4.13.  
                  𝐻 𝑡, 𝜏 =  𝛼𝑘 𝑡 𝛿 𝜏 − 𝜏𝑘                                                                             (4.13)
𝐿
𝑘=1
 
 
which describes the propagation of waves through multiple paths of different delays 𝜏𝑘  and 
attenuation 𝛼𝑘 𝑡 , 𝛼𝑘 𝑡  are Wide-Sense Stationary (WSS) complex Gaussian processes, and 
are uncorrelated for different paths. Therefore, the autocorrelation function of the impulse is 
given by; 
 
       𝐸 𝐻 𝑡, 𝜏 ,𝐻∗ 𝑡 − ∆𝑡, 𝜏 − ∆𝜏  = 𝑃𝐻 ∆𝑡, 𝜏 𝛿 ∆𝜏                                                    ( 4.14) 
 
The function 𝑃𝐻(∆𝑡, 𝜏)  is the autocorrelation of the impulse response at the delay 𝜏 with the 
time difference ∆𝑡. 
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The Fourier transform of 𝑃𝐻(∆𝑡, 𝜏) with respect to the time difference ∆𝑡 is the scattering 
function S(fd, 𝜏) of the channel which is given by; 
 
          𝑆(𝑓, τ) =  𝑃𝐻 ∆𝑡, 𝜏 𝑒
−𝑗2𝜋𝑓∆𝑡𝑑∆𝑡                                                                     ( 4.15
∞
−∞
) 
 
where f can be explained as the Doppler frequency. The scattering function is a measure of the 
average power output as a function of the time delay 𝜏 .The delay power spectrum is defined 
as in Eq.4.16 
 
               𝜌𝐻 𝜏 =  𝑆(𝑓
∞
−∞
, 𝜏)𝑑𝑓                                                                                   (4.16) 
 
and the Doppler power spectrum is given by; 
 
              𝑆 𝑓 =  𝑆(𝑓
∞
−∞
, 𝜏)𝑑𝜏                                                                                         (4.17) 
 
The width of the delay power spectrum is referred to as the maximum delay spread, and the 
width of the Doppler power spectrum the maximum Doppler frequency.  
 
A typical approximation for the delay power spectrum is exponential as shown in Eq.4.18  
[58]. 
          𝜌𝐻 𝜏 =
1
𝜏𝑚𝑎𝑥
𝑒
−𝜏
𝜏𝑚𝑎𝑥                                                                                                        (4.18) 
 
where 𝜏𝑚𝑎𝑥  is the maximum delay spread of the channel. A typical approximation for the 
Doppler power spectrum is shown in Eq.4.19 [7],[34].  
 
                                 𝑆 𝑓 =  
1
𝜋𝐹𝑑
.
1
 1 − (𝑓/𝑓𝐷)2
       𝑓 < 𝑓𝐷
0                                               𝑒𝑙𝑠𝑒
                                     (4.19) 
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The autocorrelation of the different transmission paths 𝛼𝑘 𝑡  is a zero order Bessel function 
that is depending on the time difference τ, and the Doppler shift Fd, J0(2πFdτ ) The factor that 
controls how much the channel varies between two successive symbols is Fdτ. The channel  
Autocorrelation Function (ACF) is shown in Fig.4.2, for maximum Doppler frequencies 
Fd=70 Hz and Fd =150 Hz, the higher the mobile speed the higher the fading rate, and 
accordingly the faster the time-variation of the channel. The Doppler power spectrum can 
therefore be obtained by taking the Fourier transform of the ACF. The resulting Doppler 
power spectrum of H(t) is band-limited and U-shaped. Moreover, it exhibits twin peaks at Fd 
Eq.4.19 is often referred to as Jake’s Doppler power spectrum [58], as shown in Fig.4.2 
 
 
Fig.4.2 Channel ACF 
 
Fig.4.3 Jake’s Doppler Power Spectrum. 
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4.3 AR Modeling of WSSUS Fading Channels: 
 
To exploit the statistical properties of the fading channel given by Autocorrelation Function 
(ACF),the fading process over the m
th 
carrier can be modeled by a p
th 
order AR process, 
denoted by AR(p) and defined as shown in Eq.4.20 [58]. 
 
              𝑕 𝑛 = − 𝑎𝑖
𝑝−1
𝑖=0
𝑕 𝑛 − 𝑖 + 𝑢 𝑛                                                                          (4.21) 
 
Where 𝑎𝑖 → 𝑖 = 0,1,… ,𝑝 − 1  are the AR model parameters and u (n) is an Additive White 
Gaussian Noise. The relationship between the AR parameters and the fading process ACF is 
given by the well-known  Yule-Walker  equation (YW). 
                          𝑅𝑕𝑕  =  −𝑟𝑕                                                                                                    4.22  
where Rhh is the fading channel autocorrelation matrix of size p by p, defined as  in Eq.4.23. 
 
                  𝑅𝑕𝑕 =  
𝑅𝑕𝑕  0  ⋯ 𝑅𝑕𝑕 (−𝑝 + 1)
⋮ ⋱ ⋮
𝑅𝑕𝑕 (𝑝 − 1) ⋯ 𝑅𝑕𝑕 (0)
                                                         (4.23) 
 
and  is a p× 1 vector storing the AR parameter and given in Eq.4.24. 
 
                                     ∅ = [𝑎1𝑎2 …𝑎𝑝]
𝑇                                                                    (4.24) 
 
In addition, 𝑟𝑕 = [𝑅𝑕𝑕  1  𝑅𝑕𝑕  2 …  𝑅𝑕𝑕  𝑝 ]
𝑇 is the p × 1 channel autocorrelation vector 
where 𝑅𝑕𝑕 is the ACF which is given by Eq.4.25. 
 
                     𝑅𝑕𝑕  𝑛 = 𝐽0 2𝜋𝐹𝑑𝑇𝑠𝑛                                                                                       (4.25) 
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where J0(.) is the zero-order Bessel function of the first kind, Ts  is the symbol period, and 
(𝐹𝑑𝑇𝑠) denotes the Doppler rate. The corresponding PSD of the AR(p) process has the rational 
form as given in Eq.4.26  [59]. 
 
𝛹(𝑓𝑛)𝐴𝑅 =
𝜍2
 1 +  𝑎𝑖𝑒𝑥𝑝⁡(−𝑗2𝜋𝑖𝑓𝑛
𝑃
𝑖=1 ) 
2                                                                           (4.26) 
 
where 𝑓𝑛  is the normalized frequency, and σ the variance of the driving process can be 
expressed as  in Eq.4.27. 
 
𝜍𝑢
2 = 𝑅𝑕𝑕  0 +  𝑎𝑖
𝑝
𝑖=1
𝑅𝑕𝑕  −𝑖                                                                                               (4.27) 
 
Once the AR(p) parameters of the fading process are estimated, the autocorrelation function of 
the resulting AR(p) process has the form which is shown in Eq.4.28 [59]. 
 
𝑅 𝑕𝑕  𝑛 =  
𝑅𝑕𝑕  𝑛  ,       1 < 𝑛 < 𝑝
− 𝑎𝑖𝑅 𝑕𝑕  𝑛 − 𝑖 ,   𝑛 > 𝑝
𝑝
𝑖=1
     
                                                                        (4.28)   
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Chapter Five  
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 
OFDM Channel Estimation 
5.1 Introduction 
 
Modulation can be classified as differential or coherent. When using differential modulation 
there is no need for a channel estimate, since the information is encoded in the difference 
between two consecutive symbols [60]. This is a common technique in wireless 
communication system and European DAB standard [61]. In differential modulation since no 
channel estimates is needed, this will reduces the complexity of the receiver. An interesting 
alternative of DPSK is differential amplitude phase shift keying [62], where a spectral 
efficiency greater than DPSK is achieved by using a differential coding of amplitude as well. 
Obviously, this requires a non uniform amplitude distribution. However, in wired systems, 
where channel is not changing with time, coherent modulation is an obvious choice. But, in 
wireless systems, the efficiency of coherent modulation makes it an ideal choice when the 
BER is high, such as in DVB [63]. Channel estimation in wired systems is straightforward, 
channel is estimated at startup, and since channel remains the same, therefore no need to 
estimate it continuously. Hence, in this thesis, we concentrate on channel estimation, regarding 
wireless OFDM.  There are several basic techniques to estimate the radio channel in OFDM 
systems. The estimation techniques can be performed using time or frequency domain 
samples. These estimators differ in terms of their complexity, performance, practicality in 
applications to a given standard, and the a priori information they use. The a priori information 
can be subcarriers correlation in frequency, time  and spatial domains. 
 
Modulation of the OFDM subcarriers is analogous to the modulation in conventional serial 
systems. The modulation schemes of the subcarriers are generally QAM or PSK, in 
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conjunction with both coherent and non-coherent detection. If coherently detected modulation 
schemes are employed, then the reference phase of the OFDM symbol must be known, which 
can be acquired with the aid of pilot tones embedded in the spectrum of the OFDM symbol 
[64],[65]. For differential detection the knowledge of the absolute subcarrier phase is not 
necessary, and differentially coded signaling can be invoked either between neighboring 
subcarriers or between the same subcarriers of consecutive OFDM symbols. 
  
Channel estimation in OFDM systems is a critical problem when the channel undergoes 
frequency selective and fast time variation. Iterative channel estimation is an adequate solution 
for this problem as it improves system performance and reduces pilot overhead when using 
Pilot-Symbol Aided (PSA) techniques. Comb-type channel estimation technique of inserting 
pilot has been considered in this thesis, since it has the ability to decrease the Doppler effect, 
and so enhance the mobility of the system. Accordingly it is good choice in channel estimation 
for OFDM in WiMAX application, because the mobility is an important requirement. 
  
5.2 Channel estimation for OFDM system 
 
Channel estimation has a long and rich history in single carrier communication systems. In 
these systems, the CIR is typically modeled as an unknown time-varying FIR filter, whose 
coefficients need to be estimated [66]. Many of the channel estimation approaches of single 
carrier systems can be applied to multi-carrier systems. However, the unique properties of 
multi-carrier transmission bring about additional perspectives that allow the development of 
new approaches for channel estimation of multi-carrier systems. In OFDM based systems, the 
data is modulated onto the orthogonal frequency carriers. For coherent detection of the 
transmitted data, these subchannel frequency responses must be estimated. In single carrier 
systems, the time domain channel can be modeled as a FIR filter, where the delays and 
coefficients can be estimated from time domain received samples, which are then transformed 
to frequency domain for obtaining the Channel Frequency Response (CFR). Alternatively, 
radio channel can also be estimated in frequency domain using the known  data on frequency 
domain subchannels, instead of estimating FIR coefficients. The direct estimation of the 
channel for subcarriers treats each subcarrier as if the channels are independent [67]. If 
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coherent OFDM system is adopted, channel estimation becomes a requirement and usually 
pilot tones are used for channel estimation. Which known Pilot Symbol Assisted Modulation, 
(PSAM). The main idea of PSAM channel estimation is to multiplex known data streams with 
unknown data as shown in Fig.5.1. Conventionally the receiver firstly obtain tentative channel 
estimates at the positions of the pilot symbols by means of demodulation and then compute 
final channel estimates by means of interpolation. 
 
 
 
 
Fig 5.1 Pilots arrangement. 
 
There are different patterns of pilots arrangement as we see in Fig.5.2Block and comb pilot 
structures are among the most commonly used in the literature related to OFDM as well as in 
practical applications. Block pilots (see Fig.5.2(a)) assume a complete block of training data is 
sent periodically. The technique is appealing in slow to moderate fading. Frequency selectivity 
of the channel is handled at best, since all the subcarriers are used for channel estimation and 
thus no interpolation is needed. However, time selectivity is detrimental to block retraining, as 
obtained channel estimates degrade as the channel varies over time. Consequently, the 
retraining rate needs to be increased. For instance, the IEEE 802.11 standard  for wireless 
LANs assumes that two complete blocks of training are sent prior to transmission of data. Data 
bearing blocks may also contain a few pilots for frequency synchronization purposes. Comb 
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pilot structures (see Fig.5.2(b)) dedicate a specific set of subcarriers to sending training data 
over time. Time-selectivity is better handled with comb pilot structure than with block pilots. 
On the other hand, high frequency selectivity of the channel may be an issue. It may require 
reducing the pilot spacing and opting for more advanced interpolation procedures. Rectangular 
pilot structure (see Fig.5.2(c)) includes OFDM blocks with comb-pilots, which are sent 
periodically and not continuously. DVB-T systems use a specific pilot pattern (see Fig.5.2(d)) 
which combines block and rectangular structures. Blocks of pilots are meant for complete 
retraining, whereas comb pilots in blocks in between are used for channel tracking purposes. 
Hexagonal pilot designs (see Fig.5.2(e)) are optimal in the sense of sampling more efficiently 
the 2-D channel surface in the time-frequency plane than the rectangular pilot pattern. Partial 
pilots (see Fig.5.2(f)) which is a semi-blind channel estimation. The idea is to superimpose 
pilot to data symbols to facilitate channel estimation, without sacrificing the bandwidth 
efficiency while avoiding ambiguity problems. Also, the set of pilot arrangements may be 
adaptively selected based on the prediction of the channel estimation error at the receiver [45]. 
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Fig.5.2 Pilot patterns 
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This chapter considers channel estimation in OFDM transmissions. In communication 
systems, channel estimation methods may be classified as blind, semi-blind or pilot-aided 
[68]. Blind algorithms do not require any training data and exploit statistical or structural 
properties of communication signals. Pilot-aided methods on the other hand rely on a set of 
known symbols interleaved with data in order to acquire the channel estimate [69]. Semi-blind 
methods combine a blind criterion with limited amount of pilot data, which improves both 
effective data rates and convergence speed. They also benefit from a larger sample support 
since both pilot and data are used for channel estimation. Blind, semi-blind and pilot-aided 
channel estimation in OFDM are successively reviewed in the following. 
 
Here, channel estimation is performed in two steps.  
 
 The first step is to estimate the channel frequency coefficients at the pilot symbols 
positions using LS estimator and Kalman estimator. 
 Using the estimates of the channel frequency coefficients we then interpolate over 
channel frequency coefficients corresponding to the data symbols.  
 
Our approach is to enhance the performance of the estimation process using Kalman  estimator 
to estimate the CFR at the pilots,  and comb pilots arrangement to track the time varying 
channel and so decrease the Doppler effects. 
  
There are mainly two problems in the design of channel estimators for the wireless systems.  
 
 The first problem is concerned with the choice of how the pilot information should be 
transmitted. Pilot symbols along with the data symbols can be transmitted in a number 
of ways, and different patterns yields different performances . 
 
 The second problem is the design of an interpolation filter with both low complexity 
and good performance. These two problems are interconnected, since the performance 
of the interpolator depends on how pilot information is transmitted. 
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5.2.1 Blind algorithms: 
The need for higher data rates motivates the search for blind channel identification and 
equalization methods. In OFDM, cyclic prefix occupies generally up to 20% of the transmitted 
data. Furthermore, if pilot symbols are used for channel estimation and synchronization 
purposes, those may require another 15-20% of the remaining data symbols. Therefore, blind 
estimators are of interest, especially in the case of continuous transmissions (e.g. DVB-T) or 
slowly time-varying channels (e.g. ADSL). The term blindness means that the receiver has no 
knowledge of the transmitted sequence and the channel impulse response. Channel 
identification, equalization or demodulation is then performed using only some statistical or 
structural properties of communication signal. Training data can then be either completely 
excluded or significantly reduced, and information symbols are transmitted instead. The 
processing in blind receivers is typically nonlinear. Common design goals for blind receivers 
algorithms are the following [45]; 
 
 Capability to identify any type of channel. 
 Fast convergence to the desired solution. 
 capability of tracking channel variations. 
 Low computational complexity.  
 
In wireless systems where bandwidth is the most precious resource, periodic training symbols 
can significantly reduce overall system capacity. 
 
There are many blind algorithms for estimating OFDM channels. Some of them need to 
average over a number of OFDM symbols during which the channel must be static. Others 
work in a symbol-by-symbol manner, so can deal with fast time-varying channels. However, 
they assume independence of the channel for different OFDM symbols, and do not explore the 
time domain correlation of the channel. Other proposed  blind OFDM channel estimation 
algorithm using cyclic correlations at the OFDM receiver. The CP is formed by copying the 
last Tcp-long part of the symbol waveform to the beginning, This algorithm does not require 
the cyclic prefix to be longer than the channel impulse response, but it is helpful to reduce the 
Analysis of channel estimation for OFDM system in WiMAX Application 2009 
 
 
error floor present in the un-shortened scenario, if this algorithm is combined with impulse 
response shortening. They suffer severe performance degradation in fast fading channels. 
 
5.2.2 Semi-Blind algorithms: 
 
Blind algorithms can also be used in cooperation with training symbols in order to achieve 
better performance, which are referred to as semi-blind methods. Semi-blind algorithms allow 
to outperform blind techniques by exploiting the knowledge of known symbols and properties 
of the transmitted signals. The objective of semi-blind channel estimation algorithms is to 
obtain better performance than blind algorithms while require fewer number of training 
symbols needed for training based channel estimation algorithms. In training based 
algorithms, the training symbols must be placed, close enough in time and frequency to 
accurately track a channel [70],[[71]. However, semi-blind algorithms works effectively even 
when the frequency-domain training symbol spacing is greater than the Nyquist spacing [72], 
thereby the resulting training symbols can be significantly reduced, especially when the 
channel varies rapidly both in time and frequency domains. 
 
Added-pilots scheme is a semi blind algorithm which is closer to pilot-aided channel 
estimation than to blind techniques. The idea is to add pilot symbols directly to data symbols 
in time or frequency domain. In this way, no dedicated slot needs to be allocated to pilots, and 
the whole OFDM block may be used for information bearing symbols. The major drawback in 
Added Pilot Semi-Blind (APSB) channel estimation is that data interferes with pilots, and 
vice-versa. Thus, the influence of data should be minimized while estimating the channel, and 
conversely, the pilots have to be removed prior to data detection [45]. 
 
The semi-blind algorithm proposed intakes advantage of the channel and data information to 
get channel estimation and reduces the number of the training symbols needed to achieve this 
task. Specifically, the knowledge exploited includes [42]: 
 
 Maximum delay spread of the channel. 
 A prior channel statistics (mean and covariance). 
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 Redundancy of the input introduced due to the cyclic prefix. 
 
Through exploiting these knowledge collectively, the channel estimation problem becomes a 
least-square (LS) problem The algorithm first estimates the channel based on training symbols 
and then iterates between channel estimation and data detection. Thomas proposed a multi-
user semi-blind channel estimator for OFDM based on the Maximum-Likelihood (ML) criteria 
[42].  
 
5.2.3 Non blind algorithm training (pilot) methods:  
 
The idea of the algorithms in blind algorithm is to exploit OFDM channel correlation, thus the 
statistics (mean, variance) of the channel must be known to make these algorithms work. In 
the non blind channel estimation methods, information of previous channel estimates or some 
portion of the transmitted signal are available to the receiver to be used for the channel 
estimation as in PSAS where a complete OFDM symbol or a portion of a symbol, which is 
known by the receiver, is transmitted so that the receiver can easily estimate the radio channel, 
by demodulating the received samples. The estimation accuracy can be improved by 
increasing the pilot density. However, this introduces overhead and reduces the spectral 
efficiency. In the limiting case, when pilot tones are assigned to all subcarriers of a particular 
OFDM symbol, an OFDM training symbol can be obtained (block type pilot arrangement) as 
in Fig.5.3. This type of pilot arrangement is usually considered for slow channel variation, but 
incase when channel varies between consecutive OFDM symbols, the training symbols should 
be inserted regularly within OFDM data symbols with respect to the time variation of the 
channel (Doppler spread)  [42].  
 
Fig.5.3 Block type Pilots arrangement. 
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For the PSAS channel estimation, the pilot spacing needs to be determined carefully. The 
spacing of pilot tones in frequency domain depends on the coherence frequency of the radio 
channel, which is related to the delay spread. According to the Nyquist sampling theorem, The 
spacing in the frequency domain 𝐷𝑝  can be determined by frequency spacing between the 
subcarriers and the maximum delay spread of the channel. This can be expressed as shown in 
Eq.5.1: 
              𝐷𝑝 <
1
2
.
1
2.∆𝑓 𝜏𝑚𝑎𝑥
                                                                                                                 5.1  
Where ∆𝑓 is the subcarrier bandwidth. When the above Equation is not satisfied, then the 
channel available at the pilot tones does not sample the actual channel accurately. In this case, 
an irreducible error floor in the estimation technique exists since this causes aliasing of the 
CIR tap in the time domain. When the channel is varying across OFDM symbols, in order to 
be able to track the variation of channel in time domain, the pilot tones need to be inserted at 
some ratio that is a function of coherence time (time variation of channel), which is related to 
Doppler spread. The maximum spacing of pilot tones across time, 𝐷𝑇  is given by Eq.5.2 
                 𝐷𝑇 <
1
2𝐹𝑑𝑇𝑠
                                                                                                            (5.2) 
Where 𝐹𝑑  is the maximum Doppler spread and 𝑇𝑠 is the OFDM symbol duration. For comb-
type pilot arrangements as in Fig.5.4, the pilot tones are often inserted for every OFDM 
symbols [67]. 
 
 
Fig.5.4 Comb Type Pilots arrangements 
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For block type arrangements, channel at pilot tones can be estimated by using LS or LMMSE 
estimation, and assumes that channel remains the same for the entire  block. So in block type 
estimation, we first estimate the channel, and then use the same estimates within the entire 
block. LMMSE estimation has been shown to yield 10-12dB gain in SNR over LS estimation 
for the same mean square error of channel estimation [53]. In [73] low rank approximation is 
applied to linear MMSE by using the frequency correlations of the channel to eliminate the 
major drawback of MMSE, namely complexity. 
 
Comb type pilot tone estimation, has been introduced to satisfy the need for equalizing when 
the channel changes even in one OFDM block. The comb-type pilot channel estimation 
consists of algorithms to estimate the channel at pilot frequencies and then CFR at data 
subchannels are obtained by interpolation between estimates at pilot locations, as will be 
discussed next. The estimation of channel at pilot frequencies for comb type based channel 
estimation can be based on LS, LMMSE or Least-Mean-Square (LMS). Obviously, each 
estimation method has its own advantages and disadvantages. Moreover, Kaman filter 
estimator will be introduced n this work and it as we will see later. 
 
5.3 Analysis of  Channel estimation based on comb type pilots pattern 
5.3.1 Comb type pilots description:  
For comb type pilot subcarrier arrangement, the KP pilot signals XP(m), m =0, 1, 2,…, KP are 
uniformly inserted into X(k). That is, the total N subcarriers are divided into KP groups, each 
with L= N/KP adjacent subcarriers. In each group, the first subcarrier is used to transmit pilot 
signal. The OFDM signal modulated on the k
th
 subcarrier can be given by; 
  
X(k)=X(mL+l)                                                                                                             (5.3) 
 
Where   𝑋 𝑘 =  
𝑋𝑃 𝑚 = 0,𝑤𝑕𝑒𝑟𝑒 𝑙 = 0.
𝑖𝑛𝑓.𝐷𝑎𝑡𝑎 , 𝑤𝑕𝑒𝑟𝑒 𝑙 = 1,2,…𝐿 − 1
                                               (5.4) 
 
XP(m) is the m
th
 pilot carrier value and the received pilot signal vector 
YP=[YP(0),YP(1),…,Yp(KP-1)]
T
 can be expressed as given in Eq.5.5and Eq.5.6. 
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𝑌𝑃 = 𝑋𝑃𝐻𝑃 + 𝑊𝑃                                                                                                              (5.5) 
  
Where 𝑋𝑝 =  
𝑋𝑃(0) ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑋𝑃(𝑁𝑃 − 1)
                                                                 (5.6) 
 
HP is the frequency response of the channel at pilot sub-carriers defined as; 
 
HP=[HP(0),HP(1),…,HP(KP-1)]
T
 , and  WP=[WP(0),WP(1),…,WP(KP-1)]
T
, Is a vector of the 
Gaussian noise [51],[74]. 
 
5.3.2 LS estimator: 
 
The estimation of pilot signals, based on least square (LS) criterion, is given in Eq.5.7 and 
Eq.5.8 respectively [53],[75]. 
 
HP,ls=[HP,ls(0),H,P,ls(1),…,HP,ls(KP-1)]
T
                                                                       (5.7) 
HP,ls=XP
-1
YP                                                                                                             (5.8) 
 
The LS estimate of HP is susceptible to Gaussian noise and ICI because the channel responses 
of data subcarriers are obtained by interpolating [53]. 
 
5.3.3 Kalman estimator 
 
Kalman filter is an efficient recursive algorithm which estimates the state of a dynamic system 
from a series of noisy measurements. It has been applied in communication systems since 
1970s. Kalman filter estimate the fading process by minimizing the estimation error variance 
E[ 𝐻𝑃 − 𝐻𝑃  
2
] where 𝐻𝑃  obtained using Kalman filter, [76]. It could also be applied to track 
the states of time varying channels, a p
th
 order AR model for HP is presented as, [74]. 
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             𝐻𝑃(𝑙 + 1) =  𝐹[𝑖]
𝑝−1
𝑖=0
𝐻𝑃 𝑙 + 𝑣 𝑙                                                                          (5.9) 
 
F[i] and the variance of the noise can be obtained by solving the YW equation using the ACF 
of the fading process. The  correlation of the time-variant channel is modeled as in Eq.5.10. 
 
𝐸[𝑕 𝑙, 𝑖 𝑕∗ 𝑙 + 1, 𝑗 =  
𝑃𝑖𝐽0 2𝜋𝐹𝑑𝑇𝑠 , 𝑖 = 𝑗
0, 𝑖 ≠ 𝑗
                                                                  (5.10) 
 
where Pi = [E h(l,i)]
2
, Fd is the maximum Doppler shift, Ts is OFDM symbol time, J0 (·) is the 
Bessel function of the first-kind and zero order and i ,j are the frame and subcarrier index 
respectively. Using that 
 
                                 HP(l) = Wh(l)                                                                                       (5.11) 
we obtain  
               E[ H(l)
H
H (l +1) ]= J0 (2𝜋 FdTs)WPW
T 
                                                               (5.12) 
 
where P is a NXN diagonal matrix with diagonal elements Pi and W is a PXN partial DFT 
matrix obtained from a DFT matrix by deleting the rows that does not correspond to pilot 
symbols. Here P denotes the number of pilot symbols in one OFDM symbol and N is the total 
number of symbols [77]. 
 
So for first order AR channel model F is modeled as in Eq.5.13: 
 
         F=J0(2𝜋Fd bTs)WPW
T 
                                                                                               (5.13) 
 
where b is a design parameter that determines the memory of the algorithm and is more deeply 
described in [77]. 
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The state space model for Kalman filtering , state variable is defined as the channel states, 
which because it reflects the statistics of time varying channel, the noise is GWSSUS 
[52],[74].  
 
HP(l +1) = FHP(l) + vP(l)                                                                                               (5.14) 
 
Where HP(l) is the frequency response of the channel at the pilot symbols positions with 
dimension P X 1 and vP(l) is the driving noise at the pilot symbols position with dimension 
PX1, which is with a zero-mean process that satisfies. 
 
𝐸 𝑣 𝑙  𝑣∗ 𝑙 + 𝑚  =  
𝑉 ,𝑚 = 0
0 ,𝑚 ≠ 0
                                                                                                    (5.15)  
 
vP(l) which is mentioned above , is a driving noise  with a zero-mean process that satisfies. 
 
𝐸 𝑣 𝑙  𝑣∗ 𝑙 + 𝑚  =  
𝑉 ,𝑚 = 0
0 ,𝑚 ≠ 0
                                                                                             (5.16) 
 
    V=(1- J0(2𝜋Fd bTs))
2
WPW.
T 
 
The input-output relation of OFDM system  is used to built the observation equation,  
 
  YP(l)=XP(l)HP(l) +WP(l)                                                                                               (5.17) 
 
Using this AR-model it is possible to construct Kalman channel Estimator as given in Eq.5.18-
Eq.5.21 where the gain, innovation process, channel impulse response and error covariance 
matrix are stated respectively;  
 
K(l)=FP(l,l-1)XP(l)
H
[XP(l)P(l,l-1)XP(l)
H+σ2I]-1                                                               (5.18) 
   
α(l)=YP(l)-XP(l)𝐻𝑃 (l)                                                                                                         (5.19) 
 
Analysis of channel estimation for OFDM system in WiMAX Application 2009 
 
 
𝐻𝑃  (l+1)=F𝐻𝑃 (l)+K(l)α(l)                                                                                                 (5.20) 
 
P(l+1,l)=F[I-F
-1
K(l)]P(l,l-1)F
H
+V                                                                                    (5.22) 
 
Where XP(l) is a PXP diagonal matrix with pilot symbols on its diagonal, where P is the 
number pilot symbols and 𝜍2 is the variance of the AWGN. 
 
5.3.4 The low-complexity Kalman estimator: 
 
A low-complexity Kalman estimator was implemented, which is described in [77].  
The complexity of Kalman estimator can be reduced by factorize P(l, l − 1)  using Eigen value 
de-composition which is given by; 
 
                                 𝑃 𝑙, 𝑙 − 1 = 𝑈𝐷 𝑙 𝑈𝑇                                                                   (5.22) 
 
Where U is the unitary matrix whose columns is the Eigen vectors and D(l) is a diagonal 
matrix with the Eigen values on its diagonal, then  it is possible to construct the following 
Kalman estimator. 
 
                            ∝  𝑙 = 𝑌𝑃 𝑙 − 𝑋𝑃 𝑙 𝐻𝑃  𝑙                                                                     (5.23) 
 
𝐻𝑃  𝑙 + 1 = 𝐽0  (2𝜋 𝐹𝑑𝐾𝑇𝑠)[𝐻𝑃  𝑙 + 𝑈.𝐷 𝑙  𝐷 𝑙 + 𝜍
2𝐼𝑚  
−1.𝑈.𝐶𝑃 .∝  𝑙                   (5.24) 
 
To lower the complexity it is possible to update only the diagonal in D , i.e. the eigen values of 
P(l, l -1) instead of updating the whole diagonal matrix D 
 
After the estimation of the channel transfer function of pilot tones using Kalman Estimator an 
efficient interpolation technique is necessary, in order to estimate channel at data subcarriers, 
by using the channel information at pilot subcarriers. There are different types of interpolation 
schemes such as; Linear Interpolation, Spline-Cubic Interpolation, Low Pass Interpolation, 
Second order Interpolation and Time domain Interpolation [78],[79]. 
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5.4 Analysis of Channel Estimation Based On Block Type Pilots pattern 
 
In block-type pilot based channel estimation, OFDM channel estimation symbols are 
transmitted periodically, in which all sub-carriers are used as pilots. If the channel is constant 
during the block, there will be no channel estimation error since the pilots are sent at all 
carriers. The estimation can be performed by using either LS or MMSE. If inter symbol 
interference is eliminated by the guard interval, the required signal is given in Eq.5.10  in 
matrix notation as [53],[78]; 
 
 Y=XEh+W                                                                                                                   (5.25) 
 
X=diag[X(0) X(1),…,X(N-1)]                                                                                     (5.26) 
 
Y=[Y(0) Y(1),…,Y(N-1)]T                                                                                             (5.27) 
 
W=[W(0) W(1),…,W(N-1)]T                                                                                        (5.28) 
 
H=[H(0) H(1),…,H(N-1)]T =DFT(h)                                                                           (5.29) 
 
𝐸 =  
𝑊𝑁
00 ⋯ 𝑊𝑁
0𝑁−1
⋮ ⋱ ⋮
𝑊𝑁
𝑁−10 ⋯ 𝑊𝑁
𝑁−1𝑁−1
                                                                                        (5.30) 
 
Where 𝑊𝑁
𝑛𝑘 =
1
𝑁
𝑒−𝑗2𝜋 
𝑛
𝑁
 𝑘
 
 
If the time domain channel vector h is Gaussian and uncorrelated with the channel noise W, 
the frequency domain MMSE estimate  is given by, [78]: 
 
HMMSE=FRhyRyy
-1
Y                                                                                                        (5.31) 
 
Where 
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RhY=E{hY}=RhhF
H
X
H
                                                                                                   (5.32) 
 
RYY=E{YY}=XFRhhF
H
X
H
                                                                                              (5.33) 
 
are the cross covariance matrix between  h and y and the auto-covariance matrix of Y. Rhh is 
the auto-covariance matrix of h, and 𝜍2  represents the noise variance E{W(k)2}. The LS 
estimate is represented by Eq.5.33: 
 
Hls=X
-1
Y                                                                                                                      (5.34) 
 
Which minimize  (Y-XEh)
H
(Y-XEh). 
 
When the channel is slow fading, the channel estimation inside the block can be updated using 
the decision feedback equalizer at each sub-carrier. Decision feedback equalizer for the k
th
 
sub-carrier can be described as follows: 
 
 The channel response at the kth sub-carrier estimated from the previous symbol {He(k)} 
is used to find the estimated transmitted signal Xe(k) 
 
𝑋𝑒 𝑘 =
𝑌 𝑘 
𝐻𝑒 𝑘 
  𝑘 = 0,1,… ,𝑁 − 1                                                                               (5.35)  
 
 Xe(k) is mapped to the binary data through “signal demapper” and then obtained back 
through signal mapper as Xpure(k) 
 
 The estimated channel {He(k)} is updated by:  
 
𝐻𝑒 𝑘 =
𝑌 𝑘 
𝑋𝑝𝑢𝑟𝑒  𝑘 
  𝑘 = 0,1,… . ,𝑁 − 1                                                                                      (5.36)  
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Since the decision feedback equalizer has to assume that the decisions are correct, the fast 
fading channel will cause the complete loss of estimated channel parameters. Therefore, as the 
channel fading becomes faster, there happens to be a compromise between the estimation error 
due to the interpolation and the error due to loss of channel tracking. For fast fading channels, 
the comb-type based channel estimation performs better since it is able to track the variation 
of the channel in time [78]. 
 
5.5 Channel Interpolations 
 
Once the channel frequency response (CFR) estimates have been obtained at the pilot 
subcarrier frequencies, they are extended to data subcarriers by interpolation. There are two 
types of interpolators:  
 
 One dimensional interpolator  
 Two dimensional interpolator 
 
Later on, the theory of two-dimensional sampling was invoked, in an effort to both reduce 
pilot symbol rates and improve channel estimation performance. When the channel is probed 
simultaneously in both time and frequency domains, the overhead of pilot symbols may be 
reduced significantly as two-dimensional (2-D) processing captures simultaneously the 
correlation of the channel transfer function in both time and frequency. Two dimensional 
interpolators such as Wiener filtering method or Since interpolator are used instead of using 
two interpolators in time and frequency [80]. Two-dimensional time-frequency Wiener filter, 
which is optimal in the mean square error sense, assume knowledge of the doubly selective 
channel statistics, a condition which is hard to fulfill in realistic scenarios where the channel is 
not directly observable [45].  
 
When pilot symbols are distributed within the OFDM block using, e.g., comb-type pilot 
structure, interpolation in the frequency direction is mandatory to obtain the CFR at data 
subcarriers. Piecewise-linear and piecewise-constant interpolation are among the simplest 
approach. Higher-order interpolation such as piecewise second-order polynomial interpolation 
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low-pass and Spline Cubic methods offer improved channel interpolation. The spacing 
between pilots or the amount of pilots are determined by the frequency selectivity of the 
channel, which relates to the maximum delay spread of the channel in time domain. With 
block-type of pilots, interpolation in the time domain is needed instead. Time-selectivity of the 
channel dictates the rate of retraining. It should be chosen smaller than the coherence time 
[45],[78]. 
 
 Linear interpolation  
 
The channel estimation at the data subcarrier k where L<k<(m+1)L, using linear 
interpolation is given as follows: 
 
H(k)=H(mL+l),   0≤l≤L                                                                             (5.37) 
     𝐻 𝑘 = 𝐻𝑃 𝑚 + 1 − 𝐻𝑃 𝑚  
𝑚
𝐿
 + 𝐻𝑃(𝑚)                                           (5.38) 
 
 Second order Interpolation 
 
In second order interpolation, channel estimate is given by: 
 
                𝐻 k = C1HP k − 1 + C0HP k + C−1HP k + 1                                       (5.39) 
Where 
 
 
 
 
 𝐶1 =
∝(∝−1)
2
𝐶0 = − ∝ −1  ∝ +1 ,∝=
𝑙
𝑁
𝐶−1 =
∝(∝+1)
2
           , 0≤l≤L                                     (5.40) 
 
 Low-Pass Interpolation  
 
The low-pass interpolation method is performed by inserting zeros into the original 
sequence and then applying a low-pass Finite-Length Impulse response (FIR) filter, 
which allows the original data to pass through it without any changing. This method 
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also interpolates such that the mean-square error between the interpolated points and 
their ideal values is minimized. 
 
 Spline Cubic Interpolation 
 
The spline cubic interpolation method produces smooth and continuous polynomial 
fitted to given data points. The fundamental idea behind Spline Cubic interpolation is 
based on draw smooth curves through a number of points. 
 
 Time Domain Interpolation 
 
Time Domain Interpolation method is a high resolution interpolation based on zero–
padding and DFT/IDFT After obtaining the estimated 𝐻𝑃 𝑘  ,k=0,…,Np-1 channel, we 
first convert it to time domain by IDFT as in Eq.5.41: 
𝐺𝑃 𝑛 =  𝑒
𝑗2𝜋𝑛𝑘 /𝐾𝑃
𝐾𝑃−1
𝑘=0
                                                                                (5.41) 
Where n=0,….,KP-1 
 
Then, by using the basic multi-rate signal processing properties , the signal interpolated 
by transforming KP the points N into points with the following method: 
 
𝑀 =
𝐾𝑃
2
+ 1                                                                                                   (5.42) 
𝐺𝑁  
𝐺𝑃 , 0 ≤ 𝑛 ≤ 𝑀 − 2
0,     
𝐾𝑃
2
≤ 𝑁 −𝑀
𝐺𝑝 𝑛 − 𝑁 + 2𝑀 − 1 ,−𝑀 ≤ 𝑛 − 𝑁 < −1
                                   (5.43) 
 
The estimate of the channel at all frequencies is obtained by 
 
𝐻 𝑘 =  𝐺𝑁
𝑁−1
𝑛=0
𝑒−𝑗 
2𝜋
𝑁  𝑛𝑘  𝑤𝑕𝑒𝑟𝑒 0 ≤ 𝑘 ≤ 𝑁 − 1                            (5.44) 
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Chapter Six 
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 
Simulation Results 
6.1 Introduction  
An OFDM system is implemented and simulated using MATLAB to allow various parameters 
of the system to be varied and tested. The aim of doing the simulations is to measure the 
performance of OFDM system under different channel conditions, and to allow for different 
OFDM configurations to be tested. Simulations are carried out for different SNR. The LS and 
Kalman filter channel estimation methods have been used to estimate the channel at pilot 
frequencies, Interpolation techniques such as; linear interpolation, low-pass interpolation, and 
Spline Cubic interpolation are then applied to investigate the interpolation effects in estimation 
the CFR at the data subcarriers. The block diagram of the algorithm is illustrated in Fig.6.1. 
 
 
Fig 6.1 Block Diagram of Channel Estimation algorithm based on Comb-type 
Pilots arrangements 
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6.2 Kalman filter channel estimation based on comb-type pilots arrangement: 
There are many parameters that affect the performance of Kalman filter  channel estimation 
based on comb type pilots arrangement, in terms of BER  such as the modulation technique, 
interpolation scheme, modulation method and Doppler shift .  
 OFDM system parameters used in the simulation are indicated in Table 6.1. 
Table 6.1 Simulation Parameters-1 
Parameter Specification 
Number Of Subcarrier 512 
IFFT, FFT Size 512 
Modulation Type QAM,PSK 
Pilot Ratio 1/8 
Channel Model GWSSUS 
Guard Interval 1/32 from symbol period 
 
Modulation techniques: Simulation results in Fig.6.2 illustrate the performance Kalman filter 
estimation method under different modulation techniques, it could show that 2-QAM 
modulation method has achieved better performance than 4, and 16-QAM. Moreover, BPSK 
method has given better performance than QPSK, 8-PSK and 16PSK as, obviously, BER 
decrease for a fixed SNR when the number of bits/symbol is reduced. 
 
The interpolation schemes: The interpolation schemes have certain affect on the 
performance where linear, low-pass, and Spline-Cubic interpolation schemes have been used 
for channel estimation based on comb type pilots arrangement. The performance among the 
comb-type channel estimation with different interpolation techniques ranges from the best to 
the worst BER as follows: low-pass, Spline Cubic, linear interpolation, since the low-pass 
interpolation used in simulation does the interpolation such that the mean-square error 
between the interpolated points and the ideal is minimized, although Spline Cubic outperforms 
linear interpolation, but results in higher system complexity. Simulation results for the BER 
for different interpolation technique is shown in Fig.6.3. 
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Fig.6.2 Performance for M-QAM and M-PSK modulation schemes.  
 
 
Fig.6.3 Interpolations methods performance using Kalman estimator. 
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Doppler effect: One of the advantages of comb type pilots arrangement in channel estimation 
is the ability to track the variation of the channel caused by Doppler frequency this is because 
every OFDM symbol has certain amount of pilots. In Fig.6.4, its clear that as the Doppler 
frequency increase the BER doesn’t significantly increase at constant SNR, which mean that 
the system mobility has been enhanced, accordingly this method of pilot arrangements is 
interesting in OFDM system for WiMAX application. Doppler shift is the main reason to 
cause ICI and this will increases the noise level.  
 
Fig.6.4 Doppler frequency effect for SNR=15dB. 
 
Estimation methods: The system performance of using Kalman estimator to estimate the 
CFR at the pilots subcarriers  in comb type pilots arrangement  has outperformed LS estimator 
as illustrated in Fig.6.5. But this become clear as he SNR increases, However the complexity 
of the Kalman estimator  must be considered in the  system design. LS estimator is particularly 
interesting since it is one of the most simple estimation methods. 
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Fig.6.5 Kalman and Least square estimators performance  
 
 
6.3  OFDM system over Rician fading channel 
 
In this section we have analyzed the BER performance in OFDM system over frequency 
selective Rician fading channel which is implemented using MATLAB function 
(ricianchan.m). OFDM system parameters used in the simulation are indicated in Table 6.2.  
 
Table 6.2 Simulation Parameters-2 
Parameter Specification 
Number Of Subcarrier 512 
IFFT, FFT Size 512 
Modulation Type BPSK 
Pilot Ratio 1/8 
Channel Model Rician K=11 dB 
Guard Interval 1/32 from symbol period 
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The LS channel estimation method has been used as an estimation method to estimate the CFR 
pilot frequencies, then interpolation techniques (linear interpolation, low-pass interpolation, 
Spline Cubic interpolation) are applied to investigate the interpolation effects.  
 
Fig.6.6 illustrates the effect of the modulation technique used, it is obvious  that 2-QAM 
modulation method has achieved better performance than 4, and 16-QAM and that BPSK 
method has given better performance than 8-PSK and 16-PSK this is because  number of 
bit/symbol have been increased. Thus, a compromise between the BER performance and the 
bandwidth available has to be found. 
 
Fig.6.7 illustrates the interpolation scheme effect on the performance, where linear, low-pass, 
and, Spline-Cubic interpolation schemes have been used for the interpolation between the 
estimate CFR at the pilots subcarrier. The performance among the interpolation  techniques 
ranges from the best to the worst  BER as follows: low-pass, Spline Cubic and linear 
interpolation. 
 
 
Fig.6.6 M-QAM and M-PSK modulation schemes performance 
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Fig.6.7  Different interpolation methods performance 
 
The channel estimation can be improved using more pilot symbols as shown in Fig.6.8. 
However, this causes data rate reduction or bandwidth expansion. 
. 
 
Fig.6.8 Number of pilots in OFDM symbol effects 
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6.4 Compression between AR channel model and Rician fading channel 
 
A comparison between 4
th
 AR channel model which is used to generate a fading process  and 
Rician fading channel model has been illustrated in Fig.6.9. It is clear that Rician channel 
model outperforms AR channel when using the same interpolation technique. LS estimation 
methods has been used .  
 
FFT size which represents number of subchannels available for the transmission, affecting the 
performance of the estimation, it is obvious in Fig.6.10 and Fig.6.11 that increasing number of 
the available subchannels will decrease BER. In addition increasing FFT size means increase 
the number of samples per OFDM symbol, increase this will improve the performance of the 
system. This is expected since as the symbol duration is short, the ratio of distorted samples 
due to ISI to the total number of samples per OFDM symbol is large. However for large 
number of bits, the ratio of distorted samples due to ISI to the total number of samples per 
OFDM symbol is small value. 
 
 
Fig.6.9. Interpolation methods performance. 
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Fig.6.10 Number of subcarriers effect/Ricain fading Channel 
 
 
Fig.6.11 Number of subcarriers effect/AR Channel model 
 
Channel time-variation are due to the relative motion between the base station and the mobile 
and/or the motion of the surrounding which in turn results in a Doppler spread. The Doppler 
spread is a measure of the relative frequency shift between the transmitted signal and the 
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received signal. The effect of Doppler frequency on both channels has been compared, it is 
obvious from Fig.6.12 that the estimation based in comb type pilots arrangement work well in 
high Doppler frequency. So this is estimation method is suitable to be used in high mobility 
wireless communication system as in WiMAX system. 
 
 
Fig.6.12 Doppler frequency effects  
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Chapter Seven 
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 
Conclusions 
 
OFDM has been recently applied widely in wireless communication systems due to its high 
data rate transmission capability with high bandwidth efficiency and its robustness to 
multipath delay. In this thesis, the performance of OFDM system has been investigated  in 
detail. One of the major advantages of OFDM systems is its robustness against multipath 
delay spread of the channel. Hence, its typical applications are in severe radio environments.  
 
7.1 Benefits of OFDM  
 
 OFDM system combats the ISI . 
 High spectral efficiency because of overlapping spectra. 
 Simple implementation by FFT 
 Low receiver complexity as the transmitter combat the channel effect to some extends. 
 Suitable for high data rate transmission 
 High flexibility in terms of link adaptation 
 Low complexity multiple access schemes such as orthogonal frequency division multiple 
access (OFDMA) 
 
7.2 Drawbacks of OFDM are listed as follows: 
 
 An OFDM system is highly sensitive to timing and frequency offsets. 
  Demodulation of an OFDM signal with an offset in the frequency can lead to a high bit 
error rate. 
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7.3 Applications  
 
OFDM has gained a big interest since the beginning of the 1990s as many of the 
implementation difficulties have been overcome. OFDM has been in used or proposed for a 
number of wired and wireless applications. DAB was the first commercial use of OFDM 
technology. OFDM has also been used for the DVB. OFDM under the acronym of Discrete 
Multi Tone (DMT) has been selected for ADSL.  
 
7.4 Discussion 
 
Channel estimation can be categories as blind, semi-blind and Pilot-Aided channel estimation 
techniques. As blind methods are appealing due to their inherent bandwidth efficiency, they 
are not likely to be used alone in commercial applications and products. Indeed, they suffer 
from ambiguities and have high computational complexity. Moreover, some channels may not 
be identifiable. However, they may be used to refine pilot based estimates for each symbol, 
without requiring any modification of the transmitted signal structure. Blind methods remain 
an important topic of research since they are seminal part of any semi blind algorithm. Semi-
blind processing incorporates a little amount of training in order to ensure better performance, 
improved tracking capabilities and resolve ambiguities. It offers a more feasible 
implementation of blind criteria to practical systems. Semi-blind methods may find an 
application in static scenarios (ADSL, DVB-T) as well as in ones with moderate mobility 
(fixed broadband wireless access, WLAN). Table 7.1 summarizes the key features in blind, 
semi-blind and pilot-aided channel estimation in OFDM, and allows their comparison [45]. 
 
We reviewed the ways of performing channel estimation in pilot-aided OFDM. One needs first 
to acquire channel estimates at pilot symbol locations. This task is usually accomplished using 
LS, Kalman estimation. Then, CFR estimates at data subcarriers are obtained by interpolation 
between estimates at pilot locations. as well. A good choice of the pilot pattern should match 
the channel behavior both in time and frequency domains. In this way, the best tradeoff 
between channel estimator performance and transmission efficiency is found. 
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Table 7.1 Comparison between  blind, semi-blind and pilot-aided channel estimation 
 Blind Semi-blind Pilot-aided 
Training data None A single or a few pilot 
symbols 
Pilot symbols 
multiplexed with data. 
Complexity High. Moderate to high. Low to moderate. 
Quality of the 
estimates 
 
Low to moderate. Moderate to high. High. 
Suitability to wireless 
channel 
Freq. selective & 
time-invariant. 
Freq. selective & 
slowly time varying. 
Freq. selective & 
time-variant. 
Benefits 
 
High effective data 
rates. No modification 
is 
required to 
transmitted signal 
structure. 
 
No ambiguity. Trade-
off between effective 
data rate and tracking 
capability. Large 
sample support. 
Outperforms pilot 
aided estimation 
with the same amount 
of pilot information 
No ambiguity. 
Suitable for high 
mobility scenarios. 
Weaknesses 
 
Ambiguities. No 
channel tracking 
capability in general 
Some channels are not 
identifiable. 
 
Less robust to abrupt 
change in channel 
condition. 
 
Lower effective data 
rates. 
Time and frequency 
selectivity of the 
channel may be an 
issue depending on 
the amount of pilot 
data. 
 
Pilot-Aided processing is most commonly chosen in real-world systems, especially in fourth 
generation mobile wireless communications where mobility and high data rates are major 
requirements. Interleaving sufficient amount of known symbols among the transmitted data 
allows to track highly time-varying channels. Moreover, the quality of the channel estimates 
allows often choosing high-order symbol modulations, leading to increased data rates. 
Complexity issues may also dictate the choice of pilot-aided methods as blind or semi-blind 
techniques require an increased processing power and better SNR to reach similar 
performance targets. This issue is critical for battery operated and hence power limited mobile 
terminals. Finally, pilot symbols are almost always present in practical designs. They are 
needed for other purposes than channel estimation solely, e.g., for time and frequency 
synchronization.  
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Channel estimation based on comb type pilot arrangement was presented by giving channel 
estimation method at pilot frequencies and interpolation of channel at data frequencies. 
Simulation results shows that comb-type pilot based channel estimation with low-pass 
interpolation performs the best among all other comb based channel estimation algorithms. 
This is expected since the comb type channel estimation allows the tracking of time varying 
fading channels and low pass interpolation does the interpolation in such a way that mean 
square error is minimized.  
 
Decreasing the pilot spacing improves the estimation of channel frequency response but 
decreases bandwidth efficiency. On the other hand, increasing the pilot spacing beyond the 
one specified by the sampling theorem decreases the accuracy of the channel estimation but 
increases the bandwidth efficiency. Hence, the chosen pilot density is a tradeoff between the 
performance of channel estimation and bandwidth efficiency. Also since comb type pilots 
arrangement in channel estimation is able to track the variation of the channel caused by 
Doppler and the ICI has been modeled as AWGN, it is observed that ICI increases the noise 
level, and so to compensate this the number of pilot subcarriers required for the same 
performance of no ICI case increases by a significant amount. Hence, one way of 
compensation of ICI is to increase the number of pilots in the frequency domain. 
 
Kalman estimation methods has been proposed to estimate the multipath fading channel in 
OFDM system. It is outperform LS estimation methods, but this method increase the system 
complexity. It a trade of between the system complexity and the performance required 
according to the SNR used. Channel estimation method based on comb type arrangement, with 
Kalman estimator is a good choice in high data rate wireless system, like in WiMAX system 
application since it is achieved good performance, with reasonable complexity compared with 
other system. The estimators perform about the same for SNR lower than 15 dB. This is an 
interesting property which means that the choice of channel estimator is not that important in 
terms of symbol errors for low SNR. When choosing a channel estimating method for low 
SNR the focus should instead be on how much information the estimating methods needs and 
also how high its complexity is. 
 
Analysis of channel estimation for OFDM system in WiMAX Application 2009 
 
 
Channel estimation based on comb-type pilot arrangements in OFDM system has been 
investigated over frequency selective Rician fading channel and time varying channel which is 
modeled as AR model. The performance of channel estimation for Rician channel model is 
better than for AR channel model, since Rician channel has a LOS signal, which is improve 
the performance of the estimation process . 
 
Different parameters were considered to see how they are affect the BER performance. For 
Modulation scheme, the 2-QAM and BPSK have the least BER compared to the rest of M-
QAM and M-PSK .Low pass interpolation technique was the best among others for either 
Rician or AR model channel. 
 
7.5 Future Works: 
 
7.5.1 Further studies of interest 
 
Since the interpolation method has such a great impact on the symbol error, it would be 
interesting to investigate different interpolation methods more thorough. 
 
So this work can be easily extended, to develop an algorithm, in which by taking into 
consideration the estimated channel attenuations, first of all estimate the Doppler frequency. 
Now depending on the value of estimated Doppler, different pilot arrangements will be used. 
For lower values of Doppler equidistance pilot arrangement is better and for higher values of 
Doppler, comb arrangement is better. So a new system can be developed which automatically 
changes the pilot arrangements by estimating the values of Doppler frequency. 
 
Comparing this system with other systems, but we must taking in considerations the 
complexity, performance, applications and the requirements. 
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7.5.2 Related Works 
 
OFDMA is popular and active field of research. In the uplink of an OFDMA system, each user 
modulates a subset of subcarriers that is impaired by a specific carrier frequency offset. Hence, 
the synchronization of such systems is much more demanding compared to conventional 
OFDM. Low synchronization errors guarantee both efficient user separation and high data 
rates. Reliable CFO and timing estimators with low overhead are desired. Theoretical 
performance bounds as well as identifiability conditions are of high importance, especially in a 
blind estimation framework. 
 
A multiband version of OFDM (MB-OFDM) is gaining momentum as a candidate standard to 
be adopted for ultra wideband (UWB) communications . The popularity of MB-OFDM stems 
from its abilities to address data throughput and range requirements, while maintaining low 
cost, computational complexity and power consumption. Also, the transmission spectrum may 
be easily shaped to comply with international regulations and may be extended as well for 
future enhancements. Frequency hopping across multiple bands offers improved diversity and 
multi-user access, but gives rise to new challenges in channel estimation and carrier frequency 
synchronization. Very efficient signal processing techniques are therefore necessary to allow 
the practical deployment of such systems. 
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 XAMiW تتطيي ِ في MDFO  نناا ِ تقذيِرقناة تحليل
 
 ها ه محمذ عطذا كريم محمود: اعذاد
 
 د علاا موسى: اشراف
 
 ا ملخص
 
يغ انًُٕ انسشٌغ نمطاع الاذصالاخ انشلًٍح فً الأػٕاو الأخٍشج ، ذضاٌذ انطهة ػهى أَظًح َمم انثٍاَاخ 
تالإضافح نٓزا، يٍ انًرٕلغ اٌ ذسرطٍغ أَظًح الاذصال انلاسهكٍح انًسرمثهٍح اٌ ذذػى . راخ انسشػاخ انؼانٍح
. َطاق ٔاسغ يٍ انخذياخ تًا فٍٓا انفٍذٌٕ، انثٍاَاخ ٔانصٕخ
 
كًششخ ٔاػذ نضًاٌ سشػح َمم تٍاَاخ ػانٍح فً انٕسظ انلاسهكً ٔرنك َظشا ً MDFO ٌؼرثش َظاو
 ذمٍُح ْٕMDFO كًا اٌ .ٔانرً ذؼرثش يشكهح شائؼح ذذذ يٍ سشػح ػًهٍاخ َمم انثٍاَاخ   ISI نًمأيرّ نـ
 َمهٓا ػًهٍح نٍسٓم لهٍم ذشدد تٍاَاخ راخ انى ػانً ذشدد يؼذل راخ انثٍاَاخ ذمسٍى ػًهٍح تؼذ انثٍاَاخ نُمم
 .ييرٕاص تشكم
 
 نهُمم انؼانٍح انكفاءج يُٓا يًٍضاخ ػذجِ  ل ٔنزنك ) reirrac-itluM(انُالم  يرؼذد ػهى اَّ MDFOٌؼًم 
 .انضيٍ ػهى يؼرًذج ٔ يرغٍشج الاذصال لُاج ٌجؼم انًسرخذو يًا دشكح ٔ ذُمم درى ػُذ انُمم يؼذل ٔصٌادج
ٔانزي ٌؼرثش يٍ اْى اسثاب يشكهح ذذاخم  )tceffe relppoD( ذمهٍم ذأثٍش ْٕ الاطشٔدح ْزِ فً انٓذف
ٌرى ذمذٌش لُاج الاذصال ٔنهذذ يٍ ْزِ انًشكهّ . )ICI( ْٕٔ ياٌؼشف ب MDFOلُٕاخ الاذصال فً َظاو 
 ٔصٌادج ػذد ْزِ انشيٕص ػٍ طشٌك اسرخذاو انشيض انًٕجّ ، يٍ خلال تث سيٕص يٕجٓح يغ انثٍاَاخ
 فً ْزِ انشسانح سُذهم أشكال يخرهفح يٍ انشيٕص انًٕجٓح )tceffe relppoD(.ٌؤدي انً ذمهٍم ذأثٍش ال 
 stolip -bmoc(يٍ خلال دساسح َسثح خطأ الاسرمثال ٔسُمرشح انشيٕص انًٕجٓح تطشٌمح 
 ).tnemegnarra
 
 namlaK( ٔ ال  SLٌرى ذمذٌش لُٕاخ الاذصال انرى ذذًم انشيٕص انًٕجّ تاسرخذاو خٕاسصيٍح ال 
 دٌسٍثم 01 اكثش يٍ  RNS ػُذيا كاَد  SLػهى خٕاسصيٍح ال )retlif namlaK(  دٍث ٌرفٕق)retlif
 انًؼًٕل تٓا ٔيفاضهّ تٍٍ َسثح انرؼمٍذ فً  RNSْٔزا ٌؼطٍُا دشٌح الاخرٍاس تٍٍ انطشٌمرٍٍ دسة ال 
  .انخٕاسصيٍّ ٔ الاداء نٓزِ انخٕاسيٍّ
 
تؼذ ذمذٌش لُٕاخ الاذصال انرً ذذًم انشيٕص انًٕجّ ٌرى ذمذٌش لُٕاخ الاذصال انرً ذذًم انثٍاَاخ 
 ) ssap woL dna cibuc enilpS , raeniL (   يثم ) noitalopretnI(تاسرخذاو طشق يخرهفّ نم 
 
 واستخدام انواع مختلفه من  )snoitalopretni(تم مقارنة نسبة خطأ الاستقبال باستخدام هذه الانواع من 
 .)MAQ-M dna KSP-M(التضمين مثل 
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